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Nuclear magnetic resonance (NMR) spectroscopy has been extensively
used to investigate numerous systems of interest, ranging from collections of
molecules to living organisms. However, NMR suffers from one key drawback:
an inherent lack of detection sensitivity, as compared to other common forms of
spectroscopy. This is due to the minute nuclear magnetic moments and low
-5
-6
nuclear spin polarization levels at thermal equilibrium (~10 to 10 ), and thus

necessitates the use of relatively large sample volumes. One way to overcome
this low detection sensitivity is to introduce a species with highly non-equilibrium
nuclear spin polarization, such as ‘hyperpolarized’ xenon-129. Hyperpolarized
xenon can either be used as its own chemical sensor (due to its exquisitely
sensitive chemical shift range), or the non-equilibrium polarization may be
transferred from xenon to another molecule of interest (such as a protein or
inclusion complex).
i
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Hyperpolarized xenon is produced through a process known as spinexchange optical pumping (SEOP), where the angular momentum from
resonant, circularly-polarized light is transferred to the electronic spins of an
alkali-metal, and is subsequently transferred to the xenon nuclei through gasphase collisions. While SEOP has been extensively characterized throughout the
years, new experimental techniques and emerging technologies have
considerably advanced the field in recent years, and may enable a new
understanding of the underlying physics of the system.
The first five chapters in this dissertation review background information
and the principal motivations for this work. Chapter one reviews the basics of
NMR, from the various components of the nuclear spin Hamiltonian and different
spin-relaxation pathways to the reasons behind the low polarization of nuclear
spins at thermal equilibrium and a few alternative methods to ‘boost’ the NMR
signal. Chapter two discusses the fundamental aspects of SEOP, including the
electronic spin polarization of the alkali-metal, polarization transfer to the xenon
nuclei, and different avenues for the spin polarization to be depleted. The third
chapter covers the practical considerations of SEOP from the viewpoint of an
experimentalist; namely, the experimental differences when using a variety of
alkali metals and noble gases, as well as different SEOP apparatuses and
experimental parameters. Chapter four details a variety of different light sources
that may be used for SEOP; specifically, the use of laser diode arrays (LDAs) are
reviewed, including LDAs that have been frequency-narrowed for more
ii
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efficient light absorption by the alkali metal. The fifth background chapter covers
a variety of magnetic resonance applications of hyperpolarized xenon, including
molecular biosensors, specific and non-specific binding with proteins, materials
studies, and in vivo applications. The sixth chapter is used as an overview of the
dissertation research, which is presented in chapters seven through eleven.
Chapter seven details the arrangement of the particular SEOP apparatus
used in this research, as well as the experimental protocol for producing
hyperpolarized xenon. The eighth chapter accounts the implementation and
characterization of the first frequency-narrowed LDA used in this research, as
well as an equal comparison to a traditional broadband LDA. Chapter nine
introduces the use of in situ low-field NMR polarimetry, which was used to
distinguish an anomalous dependence of the optimal OP cell temperature on the
in-cell xenon density; the low-field set-up is also used to examine the build-up of
nuclear spin polarization in the OP cell as it occurs. The tenth chapter covers the
use of high power, frequency-narrowed light sources that are spectrally tunable
independent of laser power; this allows for the study of changes to the optimal
spectral offset as a function of in-cell xenon density, OP cell temperature, and
laser power. Xenon polarization build-up curves are also studied to determine if
the spectral offset of the laser affects the nuclear spin polarization dynamics
within the OP cell. Finally, chapter eleven accounts the use of high power,
broadband LDAs to perform SEOP in which cesium is used as the alkali metal;
iii
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these results demonstrate (for the first time) that the xenon polarization
generated by cesium optical pumping can surpass that of rubidium OP under
conditions of high laser flux and elevated in-cell xenon densities.

iv
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CHAPTER 1
BASICS OF NUCLEAR MAGNETIC RESONANCE

1.1

INTRODUCTION

1
Nuclear magnetic resonance (NMR) has long been used by the scientific

community to study the interactions of nuclear spins with magnetic fields for
numerous (and diverse) systems of interest. The phenomenon of NMR occurs
when nuclei in a static magnetic field interact with a second oscillating magnetic
field (induced by a pulse of radiofrequency—or, ‘rf’) whose frequency is resonant
to the energy-level difference of the nuclei of interest. The discovery of NMR is
widely attributed to the simultaneous, independent works of Purcell, Torrey, and
Pound (who detected weak rf signals from paraffin wax) and Bloch, Hansen, and
Packard (who studied rf signals from water) in the winter of 1945.1
Since its discovery, the field of magnetic resonance has greatly expanded,
running the gamut from Earth’s field2 (~50 µT) to over 20 T, and employing very
simple pulse sequences as well as quite complicated ones that can transfer
polarization amongst nuclei. NMR has also used various detection techniques
(e.g., Faraday induction, superconducting quantum interference devices—
‘SQUIDs’, and optical atomic magnetometry)3 to study a variety of diverse
systems (e.g., body tissue and fluids, proteins, explosives, surfaces, plants,
porous media, petroleum, and too many more to list).

2
Presently, a multitude of NMR spectroscopic techniques exist for numerous
4

types of experiments. NMR can be used by organic chemists to elucidate
structures of small molecules through simple one-dimensional (1-D) experiments
1

(mostly through observation of H &

13

C NMR spectra). Physical chemists often

probe chemical structure, function, and dynamics with 1-D as well as
5

multidimensional NMR experiments , while biochemists (and biophysicists) may
6

use multidimensional NMR to examine proteins and nucleic acids. Molecular
dynamics and chemical kinetics7 may be studied in a time-resolved manner
8

using NMR. The progression of chemical (and photochemical) reactions may
also be examined via NMR, as the products will be chemically—and
spectroscopically—distinguishable from the reactants. For added resolution or
chemical-discernability, isotopically-labeled nuclei may be utilized. The molecular
structures of solids (e.g., crystals, powders, metal-hydrides, polymers, etc.) can
be determined via solid-state NMR (SSNMR), where the solid is tightly packed
into a rotor and can be spun at high speeds (tens of kHz—to decrease spectral
linewidths) and at variable angles with respect to the applied magnetic field.
Furthermore, by using magnetic-field gradients to encode space onto frequency,
magnetic resonance imaging (MRI)9 is able to obtain high-resolution images of
soft tissue in humans and animals without the damages of ionizing radiation,
making it the most widely known magnetic resonance technique.

3
1.2 BASIC DESCRIPTION OF NMR
NMR is used to study certain nuclear isotopes that possess a quantum
mechanical property known as ‘spin’.

10

This spin provides the nucleus with an

intrinsic angular momentum that can be thought of (in layman’s terms) as a
simple, physical rotation; however, the true quantum mechanical origin of spin is
1

much more abstract and difficult to understand. Luckily, detailed knowledge of
the fundamental origin of spin is unnecessary for understanding NMR (and is
therefore beyond the scope of this work). Consider a nucleus with a spin
quantum number (I) equal to ½ (such as a 1H nucleus); an applied magnetic field
(B0) splits the degeneracy of the two main energy levels for the spin—levels that
can be referred to by the value of the magnetic quantum number (mI) of +1/2 (for
the lower energy state) and -1/2 (higher energy state). Due to this magnetic fieldinduced energy splitting (i.e., the so-called ‘Zeeman effect’), the energy
difference between these two mI states can be denoted as11:
∆E = -ћ γ B0 ,

(1.1)

where ћ is Planck’s constant divided by 2π and γ is the gyromagnetic ratio. These
two states can be thought of as aligning with (‘α’, or ‘spin-up’) or against (‘β’, or
‘spin-down’) the applied magnetic field. Because these alignments are imperfect
(due to quantum uncertainty), a portion of the spin vector lies in the xy plane
(perpendicular to B0), causing the spin vector to precess about the z-axis at a
frequency of ω0 = -γ B0 (i.e., the Larmor frequency).

4
Because of the Zeeman energy splitting for an ensemble of spins, there is a
difference in population between the two spin states that follows a Boltzmann12

type distribution :
Nβ / Nα = exp(-∆E/kT) ,

(1.2)

where Nβ and Nα are the populations of spins in the mI = -1/2 and +1/2 spin
states, respectively, T is the temperature in Kelvin, and k is Boltzmann’s constant
(note that conditions where Nα > Nβ assume positive gyromagnetic ratios). The
sum of the bulk nuclear spin magnetization (M0) will be aligned along the z-axis,
and the nuclear spin polarization (P) can be defined as the difference in spin
populations13:
P = (Nβ – Nα) / (Nβ + Nα) ,

(1.3)

At thermal equilibrium, the values for P are quite low even in strong (~10 T)
-5
-6
magnetic fields (on the order of ~10 to 10 ), as ∆E<<kT. Here (because tanh

(x) → x for small values of x), the nuclear spin polarization at thermal equilibrium
can be approximated by11:
Peq ≈ γћB0 / 2kT ,

(1.4)

While individual spins can be thought to precess around B0 (i.e., the z-axis), the
phases of an ensemble of spins will be random. Thus, all xy components of the
bulk nuclear spin magnetization (M) will cancel (leaving the net magnetization
along z, proportional to P).
If an rf pulse (with photon energy E=ћω0) is directed at the nuclear spins
(aligned in B0), some of this resonant energy will be absorbed, causing a change
in spin-states (e.g., ‘flipping’ α → β). Provided that the oscillating rf field (B1) is
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perpendicular to B0, the bulk nuclear spin magnetization (M0) will ‘tip’ into the xyplane, precessing around the direction of B1 for its duration. If B1 ceases, some
amount of M0 has a projection into the laboratory x-y plane, and then the bulk M0
will precess about B0— inducing an oscillating current in a detection coil that is
perpendicular to B0. This oscillating current (with frequency ω ~ω0) is what
generates the observed NMR signal.
The oscillating NMR signal (as ‘picked-up’ by the detection coil) decays with
time (due to relaxation processes; see below); this process results in a freeinduction decay (FID) signal. The experiment may be repeated and the
generated signals summed, so as to increase the final signal-to-noise ratio
(SNR). This (summed) signal may then be Fourier-transformed (FT), thereby
converting the time parameter into a frequency parameter, and generating a
usable NMR spectrum.
Modern NMR spectrometers use quite large, cryogenically-cooled (liquid He
& N2) superconducting magnets, with fields ranging from a few T to more than 20
T. Lower-field NMR spectroscopy that uses permanent or electro-magnets is less
prevalent nowadays, but can have certain applications (such as detecting
hyperpolarized species14), and has been enjoying a resurgence likely due to the
interest in portable NMR. The high magnetic fields of current NMR technology
result in typical Larmor frequencies in the MHz regime; as such, most of the
spectrometer-related hardware (frequency sources, amplifiers, etc.) are similar to
those used in conventional radio broadcasts. The sample of interest is usually
lowered into a ‘probe’ (placed inside the magnet); this probe contains the
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pulse/detect coil, and also allows for temperature control and sample rotation.
Because of the differences in γ for different nuclear species, spectrometers will
often have multiple channels, each of which requires ‘tuning’ to achieve optimal
pulse/detect sensitivity for the specific sample. The FT NMR spectra are then
recorded on a computer and analyzed using a variety of NMR processing
software.

1.3 RELEVANT COMPONENTS OF THE NUCLEAR SPIN HAMILTONIAN
The fundamental concepts of NMR are most efficiently explained in the
context of a quantum mechanical approach. As such, the energy of the nuclear
spin system can be represented by an operator known as the Hamiltonian. This
operator is comprised of many contributions, both external and internal to the
spin system, with varying magnitudes. A detailed quantum mechanical
rationalization to these contributions lies beyond the scope of this work; instead,
the following sub-sections describe the various contributions to the nuclear spin
Hamiltonian in a more general fashion.

1.3.1 Static Field
The static field (B0) generated by the superconducting magnet dominates
the nuclear spin Hamiltonian, with its magnitude typically in the MHz regime1:
Ĥjstatic = -γjB0Îjz ,

(1.5)

This contribution is typically referred to as the Zeeman interaction, with the term
(-γjB0) denoting the Larmor frequency of the spin (Ij).1 Of course, the magnetic
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field is experienced for all sample types, regardless of physical state or degree of
order (long-range/short-range).

1.3.2 Transverse Field
The second external contribution comes from the rf field (B1) generated
along (say) the x-axis of the laboratory frame by the pulse/detect coil. While
1

pulsing rf, this contribution can be approximated as :
ĤjRF (t) ≈ -1/2 γjB1 {cos(ωref t + φp) Îjx + sin(ωref t + φp) Îjy} ,

(1.6)

where ωref is the spectrometer reference frequency, ½ γjB1 is the nutation
frequency (a measure of how strongly the rf field influences resonant spins Ij),
and . The contribution is zero when the rf is not being pulsed. B1 can be divided
into a resonant component (that rotates in the same sense as the spin
procession) and a non-resonant component (rotates opposite to Larmor
frequency); in most cases, the non-resonant component can be neglected due to
1

its (nearly) non-existent influence on the spins. Together, the static field and
applied radiofrequency make up the external contributions to the spin
Hamiltonian.

1.3.3 Chemical Shift
Aside from the external contributions mentioned above, the nuclei in the
sample of interest experience both magnetic and electric fields that originate
from within. These contributions make up the internal portion of the spin
Hamiltonian.1 For instance, the chemical shift contribution arises due to the fact
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that each nucleus has a different local magnetic environment, and therefore
possesses a slightly different resonance frequency. The static field induces ring
currents in the electron clouds of the molecule; these ring currents generate a
-4

induced magnetic fields that are much smaller than the static field (~10 B0), but
are still able to bring about appreciable shifts to each nuclei’s precession
1

frequency (due to the induced fields’ proximity to the nuclei). This induced field
is directly proportional to B0; as such, the magnitude (Hz to kHz) of the
consequent shift in NMR frequency is often reported in parts-per-million (ppm);
moveover, because all substances have such fields inducing varying amounts of
frequency shift, such chemical shifts are usually reported in comparison to a
1

reference standard (e.g., tetramethylsilane, or ‘TMS’ for H and
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C shifts). This

allows for direct comparisons of chemical shifts across different sample types
when using different magnetic field strengths.
In its simplest case, the chemical shift contribution for a substance in an
isotropic liquid (upon motional averaging) can be approximated as1:
Ĥj

CS

= -γjB0δj

iso

Îjz ,

(1.7)

where δjiso is the average of the chemical shift over all possible orientations of the
molecule. While simple for isotropic solutions, the chemical shift for anisotropic
liquids and solids can be more complex, as motional averaging will be
incomplete (or non-existent) and the orientation of the molecule with respect to
B0 matters. For example, NMR spectra of polycrystalline solids often contain
peaks with inhomogeneous broadening—a result of chemical shift anisotropy
(CSA)15, where a continuous distribution of overlapping, unresolvable peaks
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merge into a single ‘chair-shaped’ or ‘tent-shaped peak (depending on the local
molecular symmetry).
There are a number of factors that determine the extent of chemical shift in
a sample of interest. The main contribution that determines the range of shifts for
a given isotope is from low-lying excited electronic states; as heavier atoms tend
to have a greater density of states than lighter atoms, the heavier atoms will
1

have wider chemical shift ranges (i.e., ~10 ppm range for H, compared to a
~200 ppm range for 13C).1 Another contribution comes from neighboring groups;
proximity to electronegative atoms pulls the electron density away from the nuclei
of interest, thus changing the local magnetic field that it ‘senses’. As such,
neighboring species can still affect the chemical shift despite a lack of chemical
bonds (an effect sometimes referred to as a ‘physical shift’). Changes to the
molecular dynamics can also influence chemical shift; chemical exchange or
rapid rotation about a single bond may merge two otherwise distinguishable
peaks.16 Indeed, information derived from NMR chemical shifts must be
interpreted with great care.

1

1.3.4 Dipolar Couplings
Because nuclear spins behave like miniature bar magnets, they each
generate a magnetic field through space. When another nucleus (along with its
own magnetic field) comes in close proximity to the first one, they are able
interact with each other’s fields. This is referred to as dipolar coupling—an effect
that occurs through space, without the involvement of electron clouds or electron
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spins. This interaction may be intermolecular or intramolecular, and can be
1

represented as :
Ĥj

DD

= bjk {3 (Îj  ejk)( Îk  ejk) - Îj  Îk} ,

(1.8)

where ejk is a unit vector that is parallel to the line running through the centers of
the two nuclei (Îj, Îk), and bjk is the dipole coupling constant1:
3
bjk = - (µ0 / 4π) (γjγkћ / r jk) ,

(1.9)
-7

-1

where rjk is the distance between the nuclei and µ0 is a constant (4π x 10 H m ).
Thus, the magnitude of the dipolar interaction scales as the inverse cube of the
internuclear distance. Spectroscopic measurement of these dipolar interactions
providess information about the distances between nuclei, as well as the
geometrical form of the molecule being studied.1 Dipolar couplings are generally
present in the NMR spectra of solids and anisotropic liquids, while the effect is
largely averaged to zero in isotropic liquids due to motional averaging.

1.3.5 Scalar Couplings
While dipolar couplings are present ‘through space’, a second kind of
nuclear-nuclear coupling exists that uses bonding electrons to assist in the
coupling interaction. Scalar (or, ‘J’) coupling survives the motional averaging of
isotropic liquids, and provides spectral proof of chemical bonds (through small
but measurable splittings in NMR peaks). This intramolecular coupling is only
present if two nuclei are linked by a small number of chemical bonds, and can
help elucidate a molecule’s connectivity through these bonds. The J-coupling
interaction can be represented as1:
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J
Ĥjk = 2π Îj  Jjk  Îk ,

(1.10)

where Jjk represents the J-coupling tensor (a 3 x 3 matrix), which is averaged to
a single scalar value for isotropic liquids. For solids and anisotropic liquids, a
1

small J-anisotropy exits, but is typically dwarfed by the dipolar interaction (and
can be difficult to measure separately). J-coupling can also provide information
about secondary structures of proteins by providing a measure of the torsional
angle of peptide links.17

1.3.6 Quadrupolar Couplings
The previously described internal contributions to the nuclear spin
Hamiltonian solely are comprised of magnetic interactions. However, there is one
type of internal contribution, quadrupolar couplings, that is an electronic
interaction. For spins greater than I = ½, nuclei are non-spherical (prolate or
oblate), giving riset to the nuclear quadrupolar moment that can stongly interact
with local electric field gradients (EFGs) that are produced by surrounding
electron clouds. This interaction is mostly intramolecular, and can be denoted
as1:
Q
Q
2
Ĥj ≈ ωj (3Î jz - Îj  Îj) ,

(1.11)

where ωjQ is the quadrupolar frequency, the value of which depends on the
physical state of the sample. In isotropic liquids, ωjQ averages to zero, while in
solids and anisotropic liquids1:
ωjQ (Θ) = Vjzz(Θ)  {3eQi / 4Îj(2Îj -1)} ,

(1.12)
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where Qi is the electric quadrupole moment of the nucleus, e is the proton
j

charge, and V zz is the electric field gradient at the nucleus, dependent on the
orientation (Θ) of the molecule with respect to B0.

1

While the quadrupolar interaction does not appear to affect the position of
peaks in the NMR spectra of isotropic liquids, it can strongly influence the
relaxation of nuclear spins (with I > ½) in the randomly oriented liquids. This
phenomenon is due to the additional energy levels brought about by I > ½ nuclei;
while spin ½ nuclei have only two spin energy levels (2n + 1), increasing the spin
quantum number increases the number of energy levels (and possible spinorientations) in the spin-system. Additionally, the magnitude of the quadrupolar
moment affects the relaxation, as fluctuations to the electrostatic interaction
energies results in transitions between nuclear spin states.

1.4 NUCLEAR SPIN RELAXATION MECHANISMS
At thermal equilibrium, the nuclear spin-state populations adopt a
Boltzmann distribution, with the lower energy level containing a slightly larger
spin population. Upon irradiation with rf, the overall spin magnetization (M0) is
tipped into, and precesses around, the x-y plane. However, once the rf field is
turned off, M0 will slowly relax back to its equilibrium position along the z-axis.
This process is referred to as spin relaxation, and can be divided into two
categories: spin-lattice (i.e., longitudinal) relaxation and spin-spin (i.e.,
transverse) relaxation. Such relaxation is typically incurred by small fluctuations
in the interactions between the spins and their environment18, such as nuclear-
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nuclear & electron-nuclear dipolar interactions, along with quadrupolar
interactions (and many more). Measuring these different types of relaxation can
provide information regarding molecular dynamics over a wide range of time
scales (as different relaxation mechanisms have different mathematical
dependencies over varying time scales). Relaxation measurements also help to
establish experimental parameters (as well as the feasibility of a planned
experiment).

1.4.1 Longitudinal Relaxation
Upon rf excitation, the α - β population difference will be altered. After B1 is
turned off, this fraction (Mz) of M0 will gradually return to its equilibrium state by
‘relaxing’, or releasing the extra energy to its surrounding environment (or,
‘lattice’). The time period governing the return of Mz to thermal equilibrium (i.e.,
along the z-axis)11 is given by1:
Mz (t) = Mz (0) (1 - exp (-t / T1)) ,

(1.13)

where T1 is the spin-lattice relaxation time constant. T1 values can range from
microseconds to days, but are usually on the order of seconds—depending on a
number of criteria. The most notable criterion is the choice of nuclei; for instance,
I=1/2 nuclei with small gyromagnetic ratios tend to have longer T1’s due to
weaker dipolar interactions, whereas I>1/2 nuclei tend to experience shorter T1’s
because of quadrupolar interactions with the fluctuating electric fields.1
There are three common NMR methods for measuring T1. The first method,
‘saturation recovery’, uses a train of 90o pulses to saturate the equilibrium
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polarization (i.e., effectively equaling the populations of the spin states in an
incoherent manner). Then, the magnetization is allowed to grow in for a specified
amount of time (τ) before being detected; the experiment is repeated, each time
changing τ. The full recovery behavior is plotted as a function of Eq. 1.13, and
the T1 value is extracted. The second T1 measurement method is referred to as
‘inversion recovery’; in this experiment, a long, fixed delay allows thermal
equilibrium to be restored, followed by a 180o pulse (inverting α & β populations).
After a variable delay (thus allowing M0 to ‘grow’ from –z towards +z), a 90o pulse
measures the magnetization (positive or negative) along the z-axis at that point
in time. The experiment is repeated, and the relaxation / recovery profile is fitted
to a similar equation:
Mz (t) = Mz (0) (1 – 2 exp (-t / T1)) ,

(1.14)

This method has twice the dynamic range as the saturation recovery
experiment, and allows for greater precision in T1 measurements. However, it
suffers from the long initial delay period, which (upon repetition) can make
measurements of samples with long T1’s cumbersome. Finally, the ‘nfids’ method
of T1 calibration can only be used in species with non-equilibrium polarizations
(such as hyperpolarized 129Xe); this method uses a (delay-α-acquire)n sequence
(with a small tipping angle α). The weak α-pulses sample the (initiallyhyperpolarized) magnetization as it returns to thermal equilibrium; in this work,
the nfids method is used for determining the 129Xe T1 in the gas-phase as well as
when dissolved in solution.
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1.4.2 Transverse Relaxation
The amount of transverse relaxation experienced by spins can be divided
into homogenous and inhomogenous dephasing. In the first case, once the
magnetization has been tipped into the x-y plane (by an rf pulse), the spins that
comprise the magnetization vector (Mxy) will slowly lose coherence and begin to
dephase until they are distributed about the x-y plane (yielding no net x-y
magnetization). This randomization occurs even in perfectly homogenous
magnetic fields, and the time constant (T2) of this dephasing can be found from1:
Mxy (t) = Mxy (0) (exp (-t / T2)) ,

(1.15)

During T2 relaxation, the population of spin-states remains the same, but the
relative phases during Larmor precession will ‘relax’ or dephase due to spin-spin
interactions. This occurs across the sample without prejudice, and is hence
referred to a homogenous broadening; relaxation from T2 is almost always less
than or equal to that of T1.1
The second type of transverse relaxation is due to magnetic field
inhomogeneity. Because B0 is never perfectly homogenous, the spins will
experience varying magnetic fields throughout the sample. This results in a
broad range of resonance frequencies, and a rapid loss in NMR signal. In
virtually all experiments, this T2* relaxation plays a larger role than true T2
relaxation. This inhomogenous dephasing is given by11:
T2* = (π∆ν1/2)-1 ,

(1.16)

where ∆ν1/2 denotes the full-width at half-maximum (FWHM) for a Lorentzian
lineshape (i.e., the Fourier transformation of the NMR signal). Indeed, it is this
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T2* dephasing that results in the exponential decay of the detected FID signal
from ‘whence’ NMR peaks are derived. T2 and T2* relaxations can be
1

differentiated by using a ‘spin-echo’ pulse sequence , where the reversible
dephasing due to the inhomogeneous B0 is refocused and detected (whereas
dephasing due to T2 processes cannot be refocused). T2 values are typically
more important than T2* values, as the former reflects fundamental aspects of
the system, while the latter just reflects the limitations of the magnet (or the
user).

1.5 IMPROVEMENTS TO NUCLEAR SPIN POLARIZATION
In some ways, NMR experiments are inherently difficult, as the actual
attainable signal is incredibly weak and the Larmor frequencies must be
measured with parts-per-billion accuracy. The weak NMR signal can be
attributed to the very small nuclear magnetic moments which, for the most part,
cancel each other out (Fig. 1.1 top)19—leading to thermal polarizations of only
~10-5 to 10-6. This result necessitates relatively large sample volumes (compared
to other forms of spectroscopy); indeed, it takes at least 1017 nuclear spins to
actually obtain a usable NMR signal.1 From Eq. 1.4, (seemingly) the only ways to
increase the equilibrium nuclear spin polarization involve increasing B0 and/or
decreasing the sample temperature. In fact, both of these measures have been
utilized, despite their inherent drawbacks: magnet cost and size do not scale
linearly with magnetic field strength (and are rapidly reaching their technical
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limits), and many samples (especially biological ones) do not ‘appreciate’
significantly lowered temperatures (i.e., < 4 K).
However, there are ways to increase the nuclear spin polarization in a nonequilibrium fashion. These ‘hyperpolarized’ techniques provide dramatic
improvements in P for short time durations in a non-renewable fashion (i.e., once
P has been ‘used up’, the spins revert back to thermal equilibrium—requiring
‘fresh’ polarized product to be further introduced if the experiment is to be
continued). Many of these hyperpolarization techniques involve spin-polarizing
electrons, which can then transfer angular momentum to nuclei through electronnuclear hyperfine interactions. In turn, this process generates highly nonBoltzmann distributions of nuclear spins (e.g., Nα >> Nβ), leading to NMR signal
enhancements of three to five orders of magnitude (Fig. 1.1 bottom).19

Fig. 1.1. Spin-up vs spin-down populations at thermal
equilibrium (orange) and after hyperpolarization (blue),
resulting in a much larger magnetization vector (M) and
increased NMR signals.111
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One such hyperpolarization process is ‘dynamic nuclear polarization’
20,21

(DNP)

, which can be achieved via microwave irradiation of the sample’s

electrons (near their Larmor frequency); this electron spin polarization can then
1

be transferred to nuclei of interest ( H,
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C, etc.) for increased sensitivity in MR

studies. As is often the case in modern DNP experiments, one species is
hyperpolarized via DNP in one apparatus, then ‘shuttled’ to (and infused
throughout) the sample of interest (in a nearby NMR magnet). The necessity of
two devices arises from the technical challenge of generating high-power
microwaves at the Larmor frequency of electrons in a high-field magnet
(although this issue can be side-stepped with access to a gyrotron22). DNP
devices are commercially available (albeit expensive), or can be built in the lab
(with the right expertise); DNP can also come about in chemically-induced
(CIDNP)23 and photo-chemically induced (photo-CIDNP) fashions24,25 (where
electron spin populations are driven out of equilibrium by chemical reactions or
photoexcitation, respectively).
Another type of hyperpolarization technique takes advantage of the unique
molecular symmetry and spin statistics of H2, which is present in two nuclearspin isomers (ortho ↑↑ and para ↑↓). The ortho-hydrogen isomer dominates at
room temperature (75:25); however, when flowing H2 through a catalyst (e.g.,
FeO(OH)) at low temperatures (≤ 77 K), it becomes energetically favorable for
the H2 to convert predominately to the para state.26 This favoritism arises from
the fact that the overall wavefunction is required to be antisymmetric (protons are
fermions), and since the rotational ground state is symmetric, the nuclear spin
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wavefunction must be anti-symmetric. Para-H2 itself is NMR inactive (the spins
cancel each other out, giving no net signal), but when undergoing a chemical
reaction with another species to form an asymmetric product (say, a
hydrogenation reaction across an asymmetric double bond), the hydrogen atoms
find themselves in magnetically inequivalent sites. The para-H2 selectively
populates the spin-states of the product, and results in a differentiation of the
resulting NMR spectra based on this asymmetric addition (as opposed to typical
thermal population differences that are dependent on ∆E)—thus greatly
intensifying the NMR signals of para-H2 products.27 Para-H2 has been used to
increase MR detection sensitivity in hydrogenation reactions,26 microreactors28,
29
27,30
animal imaging , and a slew of additional NMR/MRI applications.

The remainder of this work will consist of an in-depth review of spinexchange optical pumping of noble gases (i.e.,

129

Xe), from both fundamental

and practical viewpoints. Briefly, spin-exchange optical pumping is used to
generate large nuclear spin polarizations in noble gases (up to ~70%; compared
to ~0.003% at thermal equilibrium)19, leading to massive NMR signal
enhancements of ~5 orders of magnitude. This increase in detection sensitivity
has been used to improve existing MR experiments, as well as allow for novel
MR experiments and approaches that would not otherwise be possible (not to
mention a host of experiments in fundamental physics beyond the scope of this
dissertation).
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CHAPTER 2
FUNDAMENTAL ASPECTS OF SPIN-EXCHANGE OPTICAL PUMPING

2.1

INTRODUCTION

The use of optical methods to enhance the polarization of nuclear spins to
31-34

levels unattainable by other means finds its roots in the 1950’s, when Kastler

first demonstrated the ability to drive electronic spin populations out of thermal
equilibrium using light. Kastler also considered the possibility of transferring this
non-equilibrium spin polarization from electrons to nuclei33; indeed, this
prediction was soon realized in heavy metal vapors35-37 and noble gases38-40,
and later, in condensed phases41-46 (such as anthracene, via photo-CIDNP).
Generally, the optical pumping (OP) of noble gases can be attained via
two approaches: metastability-exchange OP (MEOP) and spin-exchange OP
(SEOP—via an alkali-metal vapor). During MEOP

39,47,48

, the noble gas is

‘directly’ polarized by creating metastable atoms (e.g. 3He*) via a radiofrequency
discharge, followed by optical pumping of the electron spins of the metastable
atoms. The buildup of nuclear spin polarization ensues during subsequent
metastability-exchange collisions with the remaining ground-state atoms. MEOP
has been used to generate very high nuclear spin polarizations (>50 - 80%) in
low-density 3He (and has also been demonstrated49 with 21Ne); however, it is not
practical for heavier noble gas isotopes (i.e., 83Kr, 129Xe, 131Xe).
In the second approach (SEOP)49, the high electron spin polarization of an
optically-pumped alkali-metal vapor is transferred to noble gas nuclei via gas-

21
phase collisions. Alkali-metal atoms are ideal because of their simple electron
spin-states (S = ½) and strong absorption cross-sections. Following the work of
31-34

Kastler

, Bouchiat, Carver, and Varnum

38

3

discovered that the He nuclei

present in alkali metal pumping cells became slowly polarized as a result of spinexchanging collisions with the electronically spin-polarized alkali metal atoms.
Hyperpolarized xenon nuclei were generated using the same approach (by
40

Grover ), but with a much higher spin-exchange rate (i.e., faster ‘pump-up’
time). Since this early work, the field of SEOP has been further progressed and
studied in considerable detail through the pioneering work by Happer, Cates,
Walker, and many others.50-56

2.2

OPTICAL POLARIZATION OF ALKALI-METAL ELECTRON SPINS
In the first step of SEOP, angular momentum is transferred from resonant,

circularly polarized (CP) photons to the electron spins of an alkali metal vapor
(i.e. Na, K, Rb, Cs—for simplicity, Sections 2.2 & 2.3 will focus on Rb/129Xe
SEOP). For instance (see Fig 2.1(a)), when CP light (e.g., with σ+ polarization)
is applied at the Rb D1 transition (794.76 nm) in the presence of a weak
magnetic field (B0, and neglecting electron-nuclear hyperfine splitting for
simplicity), the population of the electronic spins is selectively driven from mj=1/2 in the ground state (5 2S1/2) to mj=+1/2 in the excited state (5 2P1/2), as
dictated by the conservation of angular momentum. The magnetic field is
applied parallel (or anti-parallel) to the direction of light propagation (i.e., along
the z-axis), and defines the quantization axis for the light-matter interaction; the
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Rb metal (pre-loaded, for example, in an inert-atmosphere glove-box) is typically
vaporized and kept to a chosen number density by using a forced-air oven.
Collisions between the Rb atoms and other gas-phase species (i.e., xenon
& buffer gases) will effectively equalize the populations of the excited-state mj
sublevels, and therefore, equalize the repopulation rates of the ground mj
sublevels. The depletion of the ground mj=-1/2 sublevel and simultaneous
accumulation of spin population in the ground mj=+1/2 sublevel will quickly
reach steady state, resulting in an electronically spin-polarized alkali metal
vapor.

Fig. 2.1 SEOP. (a) Optical polarization of Rb
electron spins. (b) Transfer to Xe nuclei via spin
exchange. N2 is shown as the third body
facilitating formation / breakup of the vdW
complex (adapted from Ref.54).

The steady-state Rb electronic spin polarization (PRb) can be described by
the standard definition for spin-1/2 particles (i.e., restating Eq. 1.3):
P=

N+ − N−
,
N+ + N−

(2.1)
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(where N+ and N- refer to the number of Rb atoms in the mJ =+1/2 and -1/2
states, respectively). PRb will be a function of position in the cylindrical OP cell,
57

as determined by :
PRb ( z , r ) =

γ OP ( z, r )
γ OP ( z , r ) + ΓSD

,

(2.2)

where (z,r) specifies the ‘depth’ into the cell (z) and the radial distance (r) from
the cell’s central axis (assuming a colimmated, cylindrically symmetrical laser
beam). The optical pumping rate at a given position within the OP cell (γOP(z,r)) is
as follows58:

γ OP ( z , r ) = ∫ Φ( z , r ,ν ) ⋅ σ 0 (ν )dv ,

(2.3)

where Φ(z,r,ν) is the light flux per unit frequency (ν) at position (z,r)—indicating
the importance of resonant laser power (and the advantages of high power,
frequency-narrowed light sources59) in the overall performance of SEOP—and
σ0(ν) is the frequency-dependent Rb D1 absorption cross-section. In Eq. 2.2, the

Rb electron spin destruction (SD) rate (ΓSD) at any distance from the cell walls is
given by:
i
ΓSD = ∑ k SD
⋅ [M i ] ,

(2.4)

i

where kSDi is the SD rate per collision with a given gas species (i) and [Mi] is the
number density of that gas species; indeed, collisions with heavy species
(particularly xenon) are generally expected to dominate the Rb SD rate at high
partial pressures, thus lowering the highest achievable PRb (and thus lowering
the resulting PXe); PRb usually equilibrates with the photon flux in a matter of
milliseconds.
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Once the Rb vapor achieves an electron spin polarization (in one of the mj
sublevels) that approaches unity, the vapor should become more optically
transparent, as the electron spin population in the light-absorbing state becomes
increasingly depleted.

50

Because of this, most OP cells are designed to be many

optical depths thick, as the highly polarized Rb vapor in the front of the cell
allows light to pass directly through without attenuation. Monitoring of the laser
transmission through the cell can provide a simple, qualitative check on the level
of rubidium polarization during SEOP (and will be discussed in Sec. 8.4).59

2.3 NUCLEAR SPIN POLARIZATION OF NOBLE GAS ATOMS VIA SPINEXCHANGE
The presence of noble gases in the OP cell (i.e., 3He, 21Ne, 83Kr, 129Xe,
131

Xe) results in gas-phase collisions between the electronically spin-polarized

Rb vapor and the noble gas (in this case,

129

Xe). During such a collision, the

optically-induced spin polarization can be transferred from a polarized Rb
electron spin (S) to an unpolarized Xe nuclear spin (or other noble gas, so long
as I ≠ 0); this spin-exchange is mediated by Fermi-contact hyperfine
interactions60:
r r

αS ⋅ I =

α
2

[S

+

]

I − + S − I + + αS z I z ,

(2.5)

where the bracketed (‘flip-flop’) term gives rise to the spin exchange, and the
coupling constant (α) is proportional to the probability of finding the unpaired Rb
electron at the 129Xe nucleus.
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Although the Rb density is generally several orders of magnitude lower than
that of the xenon, and the chance of a mutual spin flip during a given encounter
54 129

is low ,

Xe nuclear spin polarization can accumulate over time due to the

long-lasting

129

Xe T1 (the in-cell spin-lattice relaxation time is typically on the

order of minutes to tens of minutes). PXe will build-up as a function of time (t)
according to the following relation58:

 γ SE 
 ⋅ {1 − exp[− (γ SE + ΓXe ) t ]},
PXe = PRb ( z , r ) ⋅ 
γ
+
Γ
Xe 
 SE
where γSE gives the Rb-Xe spin-exchange (SE) rate and ΓXe is the effective

(2.6)
129

Xe

nuclear spin relaxation rate (or, 1/T1Xe) during optical pumping. During SEOP,
the primary contributors to ΓXe will generally be wall collisions, while diffusion
through local field gradients and gas-phase collisions with other species (like
xenon) typically provide much weaker contributions.

61,62

In the limits of t → ∞ and

γSE >> ΓXe, then PXe will approach PRb.

The Rb-Xe spin-exchange is mediated by two-body collisions and threebody complex formations (see Fig. 2.1(b)—typically consisting of Rb-Xe-N2;
under conditions of high [Xe]cell, the more abundant complex may be Rb-XeXe53). The degree to which the two-body versus three-body (van der Waals
molecules—‘vdW’) processes contribute to spin-exchange is subject to
experimental conditions; it is traditionally thought that van der Waals molecules
would only form under low xenon density ([Xe]cell) conditions53 (less than a few
hundred torr Xe—higher [Xe]cell values increase the vdW breakup rate due to
collisions), and binary collisions would dominate spin-exchange under higher

26
[Xe]cell. Thinking about the problem semi-classically, the electron-nuclear
hyperfine interaction between Rb and

129

Xe will partially transfer ‘some’ of the

spin polarization from the Rb electrons to the

129

Xe nuclei during such collisions.

Multiple collisions increase PXe levels to several tens of percent (~5 orders of
magnitude greater than thermally polarized

129

Xe).

54

The efficiency of the Rb-Xe polarization transfer can therefore be
determined by the SE rate

53,57,63

:

 γ RbXe  1 

 + σv  ,

 [Xe]cell  1 + br 


γ SE = [Rb]cell ⋅ 

(2.7)

where [Rb]cell is the in-cell Rb number density (dependent on Tcell—typically
~1011-1014/cm3)54, γRbXe is the 3-body SE rate, 〈σν〉 is the velocity-averaged 23

body SE cross-section (in cm /s), and for Xe/N2 gas mixtures, it can be shown
that:
 N pressure 
 ,
br = 0.275 ⋅  2
 Xe pressure 

N2 is added to quench unwanted Rb fluorescence

(2.8)
64

and to collision-broaden

the Rb absorption line54; helium is also often used for collision-broadening. The
factor 0.275 (or, ‘b’) is calculated from the quotient of the characteristic
pressures of Xe and N2 at which the molecular breakup rate (τ-1) equals the spinrotation frequency (γN/ћ) in the limit where only one of the gases is responsible
for the formation and breakup of the vdW molecules.53,57,63 The proficiency of
spin-exchange under a particular set of experimental conditions can be
monitored via the time constant of the PXe buildup curves (Γ)53 (monitored in
situ):
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 γ

 1 
Γ = [Rb]cell ⋅  RbXe 
 + σv  + ΓXe = ([Rb]cell ⋅ γ ') + ΓXe ,
 [Xe]cell  1 + br 


(2.9)

where γ’ contains the spin-exchange contributions from both binary collisions and
van der Waals complex formations. γ’ can be figured from the slope of a plot of Γ
vs [Rb]cell (i.e., PXe buildup curve time constants as a function of Tcell), where ΓXe
is the y-intercept; alternatively, it should be possible to calculate γ’ from the
following53:


γ RbXe

 1

2.48
x
10
cm
 Pa


γ '= 

19

-3



 + σv  ,



(2.10)

where 2.48 x 1019 cm-3 is the number density of 760 torr Xe gas at 296 K, and
1/Pa is a dimensionless quantity that is primarily the xenon pressure in fractions
of an atmosphere, with a correction for the presence of nitrogen as a buffer
gas53:

 1   760 torr   1 
  = 
,
⋅
 Pa   [Xe]cell   1 + br 

(2.11)

-1

The plot of γ’ versus Pa should result in a straight line, with a slope equal to the
3-body SE rate γRbXe (divided by 2.48 x 1019; using Eq. 2.10) and y-intercept equal
to σν (the binary SE cross-section).
The term γSE is dependent on Tcell in the following way: increases to Tcell
bring about higher [Rb]cell, thus raising γSE; however, increased [Rb]cell makes the
OP cell more optically opaque, and Rb vapor in the rear of the cell may not be
properly illuminated.65,66 Such ‘dark’ Rb is unpolarized (but still capable of spinexchange with 129Xe), and thus will decrease the volume averaged, or ‘global’,
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PRb; indeed, optimizing the cell temperature is a balancing act, as increases to
Tcell will maximize the buildup rate of PXe to a point, after which losses to global
PRb will tend to drive down the overall

129

Xe polarization. In any case, PXe will
58

accumulate over time, eventually reaching steady-state :
PXe (t = ∞) =

γ SE
γ SE + ΓXe

⋅ PRb ( z , r ) ,

(2.12)

Thus, PXe is limited by the volume-averaged rubidium electron spin polarization
〈PRb(z,r)〉, along with the magnitudes of γSE and ΓXe.

2.4 KEY SPIN-RELAXATION MECHANISMS
The angular momentum endowed by the circularly polarized photons can be
lost through a number of avenues, both from the electronically polarized Rb (via
ΓSD) and the spin-polarized

129

Xe nuclei (via ΓXe). The primary contribution to PRb

loss is through collisions with xenon atoms; indeed, PXe is typically expected to
significantly decrease upon increased [Xe]cell due to the subsequent drop in PRb
levels. Due to this interplay, increases in [Xe]cell are directly compensated for by
corresponding losses in PXe, resulting in a (at best) fixed NMR signal-to63

concentration ratio (SCR)

at increased xenon densities, complicating

experimental efforts to produce sizeable amounts of highly polarized xenon.
Aside from ‘spin-destroying’ collisions with xenon, there are a number of
non-spin-conserving interactions that work to depolarize optically pumped
rubidium (Fig 2.2). For instance, collisions with buffer gases (N2, He) will ‘relax’
the Rb to varying degrees, depending on the buffer gas density and SD rate
contribution per gas species (Eq. 2.4). Values for kSD have been estimated as the
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Fig. 2.2 Schematic of spinexchange
polarization
(γOP),
(γSE), and destruction (ΓSD, ΓXe)
mechanisms.14
following: 2 x 10-18 cm3 s-1 for He, 9 x 10-18 cm3 s-1 for N2, and 5.2 x 10-15 cm3 s-1 for
Xe63; indeed, the three orders of magnitude increase in the spin destruction rate
from xenon dwarfs the contributions from the other gases (which are typically
omitted when considering PRb losses). Other factors that promote PRb
depolarization include contact with the inner surface of the OP cell walls67, RbRb collisions

68

69

(which have been shown to be magnetic-field dependent ), and

the absorption of resonant, randomly polarized photons (a process which can be
effectively quenched through the addition of sufficient amounts of N2).64
Once the spin-polarization has been transferred to the xenon nuclei, it can
still be lost through a collection of pathways. In-cell 129Xe T1’s can range from
tens of seconds to tens of minutes, depending on experimental conditions. The
major contributions to PXe relaxation can be summarized in the equation below70:
ΓXe = Γt + Γp + Γg + Γw

where Γt and Γp are the relaxation rate contributions due to transient and
persistent Xe-Xe dimers, while Γg and Γw describe the PXe loss rate due to

(2.13)
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polarized

129

Xe atoms traversing through gradients in the applied magnetic field

and losses due to wall collisions, respectively.
Transient Xe-Xe dimers are formed via binary collisions, where the collision
frequency depends on [Xe]cell, while persistent dimers form through three-body
interactions and exist in a stable form until broken apart by colliding with another
62

atom ; together, these interactions represent the intrinsic PXe in-cell relaxation
mechanisms. Transient Xe-Xe dimers only contribute minimally to the

129

Xe T1

under most experimental conditions70 (although Γt increases with [Xe]cell, the
overall contribution is typically a small fraction of what is expected from wall
relaxations62). Persistent Xe-Xe dimers have a greater effect on 129Xe T1, and
are dependent on the OP gas composition and density (both [Xe]cell and buffer
gases) and the magnetic field strength (and is also slightly dependent on Tcell).70
The average lifetime of persistent dimers can be a factor of 40 greater than that
of transient dimers (~115 vs ~2.85 picoseconds),62 leading to increased
relaxation through spin rotation interactions. Dimers formed between Xe and
other types of atoms are not as detrimental to PXe levels because the binding
energies are weaker.70
The primary extrinsic contributions to PXe relaxation are through collisions
with the inner wall surfaces of the OP cell; most glassware contains
paramagnetic impurities that will depolarize xenon upon contact71,72 (due to the
unpaired, randomly polarized electrons in the paramagnetic species—many
research groups try to circumvent this obstacle by using siliconizing surfactants58
to coat the inner walls of the OP cell). Wall collisions have long been thought to
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dominate ΓXe; however, recent work from the B. Saam group (U. of Utah) has
indicated that persistent Xe-Xe dimers may be the major culprit for PXe losses at
low xenon densities.

62,70

In addition to wall relaxation,

129

Xe can depolarize by

traversing through a magnetic field gradient; however, this will typically have
negligible effects on PXe for [Xe]cell values greater than ~0.1 amagat (particularly
in the homogenous magnetic fields typically used in optical pumping).

61,62,70

Additionally, xenon can also become depolarized via spin-exchange with an
unpolarized (or randomly polarized) Rb electron65 (such as ‘dark’ Rb vapor that is
not sufficiently illuminated by a light source)—although technically, this
contributes to γSE (and reduces PRb, while not affecting ΓXe).
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CHAPTER 3
PRACTICAL CONSIDERATIONS OF SEOP

3.1 INTRODUCTION

The physical processes underlying SEOP are surprisingly complex and
interdependent; despite decades of research into the optical, atomic, and
molecular physics of these processes, they have yet to be sufficiently explored
within regimes most relevant for MR applications. The equations presented in
Chapter 2 do a good job of describing the overall SEOP process; however, if
these equations completely described all aspects of SEOP, not only would it be
possible to predict exactly what experimental conditions would be optimal for a
given experiment, it should also be possible to quantitatively predict the result.
Oftentimes, there is a disconnect between what is theoretically expected and
what is experimentally achievable; this problem can be due to operating under
non-optimal conditions, unforeseen experimental variables, or a poor
understanding of the ‘true’ physics behind the system being studied. Therefore,
the remainder of this chapter will outline many of the practical considerations of
SEOP from the viewpoint of an experimentalist; these include choices of alkali
metals, noble gases, and a variety of other pertinent (if often overlooked)
experimental parameters.
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3.2 CHOICE OF ALKALI METAL
The use of an alkali-metal vapor is the most obvious choice for the initial
step of SEOP, as the Group 1 metals possess one unpaired electron in their
valence shell; in turn, these single unpaired electrons can be easily spinpolarized upon absorption of circularly-polarized photons. Additionally, the
absorption lines of the alkali metals are strong, and reside in areas of the
electromagnetic spectrum that coincide with wavelengths that can be easily
reached by present-day high-power laser technology. The alkali metals also have
low melting points, which allows for optical pumping under moderate
temperatures (because vaporization of the metal is required), and prevents hightemperature degradation to the surfactant coating on the inner walls of the
optical pumping cell.

54,71

With regard to periodic trends, upon descending the periodic table (from
lithium to francium), the metals increase in core size and reactivity (e.g., with
water), but decrease in melting temperature and energy required for light
absorption (i.e., higher absorption wavelengths). While optical pumping is
possible with any of the alkali metals, the main focus on this work will be on
rubidium and cesium. Lithium is not commonly used in any mainstream SEOP
practices (but has been optically pumped to create an ‘electromagnetically
induced transparency’73 that may be used to slow light74 in dilute media). While
sodium and potassium have both been used extensively in 3He SEOP, they are
not as efficient for polarizing 129Xe, as they suffer from decreased binary SE
cross-sections52 compared to the heavier alkali metals. The use of francium for
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SEOP has not been reported (to the author’s knowledge), likely due to its
extreme scarcity in nature.

3.2.1 Rubidium
Rubidium has long served as the ‘workhorse’ alkali metal for the SEOP
54

community —particularly for heavier noble gases—due to a variety of
experimental advantages. Rubidium benefits from its large spin-exchange crosssection

75

with 129Xe, which increases the likelihood of a spin-conserving collision

with the noble gas. Optical pumping can take place at relatively moderate
operational temperatures76 due to the high vapor pressure of Rb metal (~3.9 x
-7

o

o

77

10 torr at 25 C; melting temperature ~39 C) ; this property lowers the risk of
chemical breakdown of the OP cell’s surfactant coating. Moreover, the Rb D1
(2)
(2)
transition (5 S1/2 → 5 P1/2) occurs at 794.76 nm, a wavelength that has long

been available to (low-power) dye lasers, titanium sapphire lasers, and gallium
aluminum arsenide lasers78; more recently, advances in solid-state laser
technology has spurred the use of high-powered laser diode arrays (LDAs)65 for
Rb/129Xe SEOP. The Rb D2 (5(2)S1/2 → 5(2)P3/2) absorption line (780.03 nm) is not
typically used for SEOP (as it can only be polarized to a level of 50%--see
Section 11.5), but can be probed to monitor [Rb]cell (by measuring the degree of
Faraday rotation imparted on a probe beam directed perpendicularly through the
OP cell)79 as well as PRb (via optical ESR).
High-quality (99.95+%) rubidium metal is typically pre-loaded into the OP
cell in an inert-atmosphere glovebox (or via distillation) prior to being attached to

35
the SEOP apparatus. The amount of alkali metal loaded varies between set-ups;
for experiments included in this work (‘stop-flow’ SEOP), amounts on the order of
~0.2 grams are typically used. For continuous-flow set-ups, between 2-5 grams

80

81

can be used (and some large-scale set-ups can be loaded with tens of grams ).
This bulk Rb is usually a natural-abundance isotopic mixture of ~72%
(I=5/2) and ~28%

87

85

Rb

53

Rb (I=3/2) ; the fact that there are two (stable) Rb isotopes

has minimal bearing on the physics of optical pumping relevant to this
dissertation.

3.2.2 Cesium
While rubidium is the most commonly used alkali-metal choice for SEOP,
129

there are many possible advantages to using cesium: for example, the Cs-

Xe

spin-exchange cross-section has been estimated78 to be ~1.9-fold greater than
that of Rb-129Xe, yet the Cs-129Xe collisional spin-destruction cross-section82 may
be up to 2-fold smaller.83 These potential benefits can be combined with more
minor positives, including having a lower melting temperature (~28.5 oC, giving a
higher vapor pressure of ~1.45 x 10-6 at 25 oC)77, thus allowing even milder incell conditions.

84

Due simply to the lower energy of the Cs D-lines relative to

those of Rb, more photons per Watt of light can be emitted by light sources for
Cs optical pumping.84 The greater energy spacing between the Cs D1 (6(2)S1/2 →
6(2)P1/2) and D2 (6(2)S1/2 → 6(2)P3/2) absorption lines (894.3 & 852.1 nm,
respectively) could possibly serve as an intriguing benefit as well, as it has been
speculated that PRb might be disadvantageously affected by simultaneous
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pumping of the ‘red’ wing of its D2 line).

85,86

an ‘easy’ improvement in hyperpolarized

These factors would seem to point to

129

Xe generation using Cs instead of Rb

by raising the steady-state noble-gas polarization ‘ceiling’, as well as decreasing
the time required to achieve peak polarization (as well as possible benefits to
increased in-cell 129Xe T1’s; see Chapter 11).
However, to date, virtually no (net) benefits for Cs usage in SEOP have yet
been realized (at least until the present work). One likely reason is that there has
not been a prevalence of light sources available at the Cs D-line wavelengths
that are equivalent to what now exists for Rb (i.e., high power, frequencynarrowed, spectrally tunable LDAs). This technological limitation has likely stifled
what can be achieved with SEOP using cesium, and has worked to prevent the
‘parameter space’ for Cs/129Xe SEOP from being properly ‘mapped out’ to find
the optimal conditions for achieving the highest PXe values. The ongoing
developments87 regarding new high-powered light sources that are capable of
hitting the Cs D-lines will thus play a key role in advancing the field of Cs/129Xe
SEOP (which will be summarized in Chapter 11).

3.2.3 ‘Hybrid’ Alkali-Metal SEOP
Another possible method involves the simultaneous use of two alkali metals
for SEOP. This approach has already been used in 3He optical pumping, using
both rubidium and potassium as the alkali metals.85 The logic behind this idea is
as follows: Rb excels at absorbing (spin-polarized) photons, but does not transfer
this angular momentum to 3He with high efficiency (~2% efficiency, or ~50
photons required to produce one polarized 3He). Potassium has a high SE
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3

efficiency with He (~25% efficiency), but does not absorb photons as well as
Rb

88

(and the light sources aren’t as well developed); however, the SE efficiency

of Rb to K (electron to electron) is highly efficient. This situation reflects one of
the few instances where adding a third (seemingly unnecessary) step in the
middle can actually increase the efficiency of a system; in cases of K/Rb hybrid
SEOP where the ratio of potassium to rubidium is very high, the majority of the
3

spin-exchange with He comes from efficient SE with potassium, with less ‘lossy’
SE with rubidium85,68. This method has been used to produce small quantities of
3

He with spin-polarizations reaching upwards of ~75%.

85

Along similar lines to the K/Rb hybrid approach to 3He SEOP85, it may be
possible to achieve even higher PXe values/quantities through a Rb/Cs hybrid
method. If superior laser excitation may be achieved with Rb and better spinexchange with Cs, then a Rb/Cs approach (where Rb polarizes the Cs before
spin-exchange with Xe) may be the best overall option. The SE efficiency of Rb129

Xe has been estimated at ~4%, while the SE efficiency of Cs-129Xe has not yet

been reported (to the author’s knowledge); if it is significantly greater than 4%,
then this hybrid approach may be a way to circumvent the currently sub-par laser
technology for Cs optical pumping (assuming that Rb-Cs SE is highly efficient).
Future planned experiments will establish the feasibility of a Rb/Cs hybrid SEOP
apparatus and determine the benefits of using one laser (say, tuned to Rb D1)
versus two lasers (respectively tuned to a Rb & Cs absorption line), as well as
the most effective amounts/ratios of the two alkali metals.
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3.3 CHOICE OF NOBLE GAS
Although all of the NMR-active noble gases have the ability to achieve
nuclear spin polarization enhancements via SEOP, they each have advantages
and disadvantages regarding the degree of this polarization, the lifetimes of the
polarized spins, and their relevance for certain types of applications. For
instance, neon-21 (I=3/2) is capable of hyperpolarization, but suffers from a low
80

54

natural isotopic abundance (0.27%) , small SE cross-sections , and a general
lack of useful MR applications. The most commonly used noble gases for MR
sensitivity enhancement are the (I=1/2) isotopes 3He and 129Xe; less attention is
typically given to quadrupolar species (I>1/2), most notably

83

Kr and

131

Xe, due

to their shorter relaxation times. The following subsections will provide a quick
overview of these four relevant HP gases, with emphasis on SEOP
considerations and basic applications (more detailed SEOP considerations and
MR applications for HP 129Xe are reviewed in Chapters 2 & 5, respectively).

3.3.1 Helium-3
Of the noble gas isotopes with nuclear spin I>0, 3He and 129Xe have
received the most attention for applications19,89-91 in part because they are spin
I=1/2 isotopes—making it much easier to preserve and use their polarization
while yielding simpler NMR spectra. Moreover, 3He has a relatively high
magnetic moment55, very long HP lifetimes (on the order of days)92, and has
been regularly polarized to levels of 70-80%+.93 3He SEOP occurs almost
entirely through binary collisions (often with potassium or rubidium), with very
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small (near-negligible) contributions from 3-body interactions.

54

However, due to

3

the very slow spin-exchange rate (despite quite long He in-cell T1’s), the ‘pump3

up’ time of HP He can take many hours.

94
3

The most prevalent MR application of hyperpolarized He is lung imaging;
1

traditional lung MRIs are sorely lacking due to the low concentration of H spins
3

in lung-space. Aside from increased resolution, HP He lung MRIs

89

can provide

information about lung ventilation (from spin-density mapping), alveolar size
distributions (via 3He diffusion mapping), and oxygenation levels (via 3He
relaxation rates).80 Hyperpolarized 3He lung imaging has been extensively used
in the study of emphysema89, asthma95, and chronic obstructive pulmonary
disease (COPD).

96

In addition to lung imaging, HP 3He has also been used as

spin-polarized targets for probing nuclear structure and fundamental
symmetries.97,98
3

He suffers from a very low natural abundance (~0.00013%), and is instead

primarily produced as a by-product of tritium depletion in nuclear reactors.99 As
3

such, the amount of He available to scientists is subject to the whim of national
governments, and the market price of 3He can fluctuate greatly (at the time of the
writing of this thesis, 3He prices have sky-rocketed due to governmental
rationing). Indeed, the long-range sustainability of HP 3He for MR applications
appears cloudy at best, as many groups that require large amounts of 3He for
non-MR applications have already begun to change research directions.
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3.3.2 Xenon-129
3

While He and

129

Xe are the only spin-1/2 HP gases that are regularly used

in SEOP, their similarities end there.

129

Xe has a relatively high natural

abundance (~26%; xenon gas is available for extraction from the atmosphere),
shorter (but still useful) HP lifetimes (minutes to tens of minutes), and can also
be polarized to a high extent if great effort is applied (~70%+).
time for

129

Xe is merely a matter of minutes, and

81

The ‘pump-up

129

Xe does not suffer from the

quadrupolar relaxation that its ‘isotopic cousin’ (131Xe) does. The high spinexchange rates afforded by Rb/129Xe & Cs/129Xe SEOP allow the PXe to build
quickly, but increased spin-destruction rates decrease the lifetimes of the
3

polarized spins. While He is primarily spin-polarized through binary collisions
alone,

129

Xe can be polarized through both binary and three-body interactions.

Isotopically enriched

53

129

Xe can be used in cases where ultra-high sensitivity is

required; for most situations, though, natural abundance

129

Xe is adequate for

MR applications. Also, xenon can be efficiently collected (following OP) and
removed from its corresponding buffer gases by freezing in liquid nitrogen64
(unlike 3He).
HP 129Xe lung MRIs are lacking in detection sensitivity when compared to
HP 3He; however, the chemical shift of 129Xe provides information about the local
magnetic environment of the xenon atoms that is not afforded by HP 3He
imaging.80 The exquisitely sensitive chemical shift of 129Xe is due to its large,
easily polarizable electron cloud.19 Moreover, 129Xe has a predilection for
dissolving in fluids and interacting with molecular cavities and surfaces, and
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possesses MR parameters (i.e., chemical shift) that are sensitive to the local
magnetic environment.

19

Additional HP

129

Xe applications will be reviewed in

detail in Chapter 5.

3.3.3 Krypton-83 & Xenon-131
Two noble gas isotopes with I>1/2, 83Kr (I=9/2) and 131Xe (I=3/2), have
100

received some attention recently

, but their polarization by SEOP

80

and

subsequent use in NMR/MRI experiments101 are challenged by their nuclear
quadrupolar moments (which contribute to short spin-relaxation times). Over
recent years, T. Meersmann (and group—formerly at CSU) have pioneered the
use of HP

83

Kr for NMR/MRI applications, showing that the relatively mild

strength of the

83

Kr quadrupolar moment (Q = 0.28 x 10

-28

2 102

m)

can allow for

surprisingly high nuclear spin polarization from SEOP—along with relaxation
times in samples that are long enough to allow useful MR experiments.101
Despite this progress, to date 83Kr has not been hyperpolarized to anything close
to the extent of 129Xe or 3He; it suffers from less efficient SEOP due to a smaller
Rb-83Kr spin-exchange cross-section100 and higher relaxation rates103 from
quadrupolar interactions with cell walls. Furthermore, the low natural abundance
of 83Kr (~11.5%) decreases detection sensitivity, and may necessitate use of
isotopically enriched 83Kr for some applications102 (an expensive option).
The quadrupolar response of HP 83Kr can be highly sensitive to the nature
and geometry of the local environment (by sensing the local electric field
gradient) in a manner complementary to the chemical shift80; in other words, HP
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83

Kr can be used to sense different (yet complementary) kinds of magnetic
3

information than what can be explored with HP He &
smaller diameter than

129

Xe. Also, Kr has a

129

Xe (~3.9 vs. ~4.4 Å) and has somewhat different

absorption characteristics and chemical shift dependencies.

100

Moreover, its

lower magnetic moment makes it less sensitive to paramagnetic relaxation (from
O2 or surface impurities), and its quadrupolar relaxation is highly sensitive to
104

surface hydrophobicity

—all properties that make HP

83

Kr an exciting tool for a

variety of magnetic resonance applications.
If greater understanding of

83

Kr SEOP (along with improvements in

methodology) can translate into major increases in PKr, the outlook for HP 83Kr
NMR/MRI experiments (such as surface studies and lung imaging) will
dramatically improve. Additionally, such improvements for 83Kr may warrant a revisitation of HP

131

80

Xe (natural abundance ~21%) , despite its much stronger

quadrupolar influence. While the absolute value of the quadrupolar moment of
83

Kr is about twice that of 131Xe (Q= -0.12 x 10-28m2), the interactions are greater

for 131Xe due to its smaller nuclear spin value, larger and more polarizable
electron cloud, and correspondingly larger Sternheimer antishielding factor102—
this leads to even quicker 131Xe T1’s on the order of seconds, and limits the
potential applications of HP 131Xe.
Provided that sufficient progress can be made to both increasing PXe levels
for 131Xe and extending the lifetime of the polarized spins, then the quadrupolar
characteristics of 131Xe could be exploited for porous media/surface studies and
lung imaging. One potential future application could be to use HP 129Xe & 131Xe
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(produced simultaneously in a single batch) to perform human lung imaging, with
the two polarized species providing different types of MR information (sensitivity
enhancement-based contrast, chemical shift, and quadrupolar relaxation) in a
single breath.

3.4 ADDITIONAL CONSIDERATIONS
When performing SEOP of a given noble gas isotope, a number of
experimental conditions must be considered. Aside from the type of alkali metal,
noble gas, and laser source (Chapter 4), there are numerous interdependent
experimental parameters that must be both individually and collectively optimized
to achieve peak PXe production. The following sections detail several of these
parameters and experimental ‘choices’; this list is not intended to be allencompassing, but rather to highlight many of the pertinent, if often overlooked,
aspects of SEOP (unless stated otherwise, these sections primarily consider
Rb/129Xe SEOP—although much of the information can be directly applied to
alternative SEOP configurations).

3.4.1 SEOP Apparatus Designs
There are several types of SEOP apparatuses used for generating
hyperpolarized xenon; these setups can be divided into four categories. The first
category is commonly referred to as ‘batch-mode’ OP19,54,105-107; using this
method, an OP cell is loaded with Xe, Rb, and buffer gases, then closed (via a
stopcocked valve—or simply sealed in the glass cell) and placed in a weak
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magnetic field. This field (~30 gauss) is often produced by a set of Helmholtz
coils, or can be provided by the fringe field of a high-field NMR magnet. The cell
is then heated with a forced-air oven and irradiated with circularly-polarized laser
light at the proper wavelength. Following OP, (usually ~5-30 minutes), the cell is
cooled (so that the Rb may condense) and the Xe is removed by expansion into
an evacuated container. The main limitation of this method is the small amount
of xenon that can be polarized at a given time, due to typical losses to PXe upon
increased [Xe]cell.
To combat the limitation of only being able to produce small amounts of
HP 129Xe under conditions that would allow high PXe values, a ‘continuous-flow’
setup was developed
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to produce much greater quantities of highly polarized

129

4

Xe. Typically, a premixed gas, comprised of ~1% Xe, ~1% N2, and ~98% He,

continuously flows from the premixed bottle through a heated chamber (where
the gas mixtures becomes pre-saturated with Rb vapor), and into the OP cell.
The mixture is then optically pumped with a high-power LDA; the gas pressure
(5-10 atm) and cell temperature (~150 oC) are usually kept high to increase
pressure broadening, [Rb]cell, and γSE (and [Xe]cell is kept low to maximize γSE
from 3-body interactions, and further minimize ΓXe). More recently, continuousflow setups have increased in laser power (210 W LDA system; PXe values up to
~65%)65, as well as size and complexity (~2 m OP cell; PXe values up to ~70%).81
A third approach to SEOP extends the concept of the continuous-flow system by
recirculating the pumping mixture back into the OP cell; this resulted in a ~3.5fold enhancement in PXe (up to ~69% with 80 W laser light)

45
A hybrid SEOP apparatus was introduced
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that combines many of the

features of the batch-mode and continuous-flow designs; the work presented in
this thesis was obtained using this ‘stopped-flow’

108

technique (the particulars of

this SEOP apparatus will be discussed in detail in Chapter 7). Using this method,
large amounts of HP

129

Xe are generated with systematic repetition of batch-

mode SEOP at relatively high [Xe]cell values. A 75 cc cylindrical OP cell (preloaded with Rb) is filled sequentially with xenon and nitrogen to an arbitrary
amount / ratio. Once optical pumping is complete, the xenon may be collected by
simple expansion into an evacuated container. The xenon may also be
separated from the buffer gases by cryo-collection, a method where the xenon
freezes in a condenser that is immersed in liquid nitrogen (while gaseous N2 is
pumped off). Cryo-collection109 must take place in a strong magnetic field (> 500
gauss) to prevent HP 129Xe relaxation due to dipolar interactions with neighboring
131

Xe (which will then also quickly relax). The OP cell and transfer lines may then

be evacuated and reloaded with fresh xenon and nitrogen, and the OP cycle is
repeated until the desired amount of HP
the ~3 hour

129

Xe has been accumulated (limited by

129

Xe T1 at 77 K and Bo > 500 G). The hyperpolarized xenon is then

quickly sublimated and expanded into a sample of choice for increasedsensitivity MR studies.

3.4.2 Optical Pumping Cell Conditions
In order to minimize PXe losses due to wall collisions, the internal surfaces of
the OP cell and apparatus (any surface visited by the HP gas) should be as free
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of paramagnetic impurities as possible. In fact, most OP cell preparations (prior
to the loading of an alkali metal) include coating the inner surfaces of the cell &
condenser with a siliconizing surfactant, such as Surfasil (Pierce) or
octadecyltrichlorosilane (OTS).

19,58

This coating prevents polarized xenon atoms

from coming into contact with paramagnetic centers in the glassware. Some
3

research groups (especially those interested in He SEOP) have even taken the
extra precaution of fabricating OP cells from special glasses that have fewer
paramagnetic impurities.

92

Air contamination of the cell, condenser, and transfer lines must also be
minimized to prevent the exposure of the HP gas to paramagnetic oxygen (which
will shorten the relaxation time). Furthermore, rubidium will degrade when
exposed to oxygen or water vapor; over time, contamination of the OP cell can
lead to the formation of rubidium oxides and supoxides, which can not only coat
the cell walls (reducing transparency) but can also change the Rb phase diagram
(e.g., forming contaminated rubidium that is liquid at room temperature, with
suppressed vaporization—necissitating increased Tcell).
In addition to surfactant-coating the inner cell walls, there are several steps
typically taken to preserve the purity of the SEOP set-up. The entire apparatus is
often evacuated using a diffusion pump or turbo-molecular pump, with vacuum
levels often reaching on the order of 10-6 torr. Also, the high-purity xenon and
buffer gases pass through O2 filters (or, ‘getters’) before entering the OP cell.
Loading of Rb is performed in an inert-atmosphere glovebox, with very low
concentrations of oxygen and water vapor. When not in use, OP cells are often
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stored under a few atmospheres of internal pressure (xenon & nitrogen) to
prevent atmospheric gases from leaking in through the sealed stopcocks. It has
been the experience of the author that high purity Rb is paramount to success in
SEOP.

3.4.3 Buffer Gas Choices
4

SEOP is typically performed in the presence of buffer gases (i.e., N2, He),
which significantly increase the optical pumping efficiency due to pressure
broadening of the Rb absorption line (and is especially useful when using
broadband LDAs). As mentioned previously, the electronically excited Rb can
relax via the spontaneous emission of a randomly polarized, omnidirectional
photon that can be re-absorbed by other Rb atoms (thus depolarizing them).

64

To combat this radiation trapping, nitrogen gas is often added to the optical
pumping mixture; the high density of states in the ro-vibrational manifold of N2
makes it quite efficient for de-exciting Rb non-radiatively during Rb-N2 collisions,
thereby quenching the undesirable fluorescence.54 Nitrogen densities of ~0.1 to
~0.3 amagat typically supresses all radiative emissions by excited Rb. The vast
majority of the Rb/129Xe SEOP community uses this small amount of nitrogen to
prevent radiation trapping; the remainder of the OP cell is typically filled with 4He,
as it still promotes collisional broadening of the Rb absorption profile, while
contributing less to the overall spin-destruction rates.54 Other buffer gases that
could be used include hydrogen, deuterium, and argon.108,110 Unless stated
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otherwise, the work that is presented in the results sections of this thesis were
obtained with a binary mixture of xenon and nitrogen gases only.
Indeed, optical pumping in the absence of N2 has been shown to produce
lower PXe values and results in not only emission at ~794 and ~780 nm, but also
a violet emission by the Rb vapor at ~421 nm; this is due to an ‘energy pooling’
effect.

64

Under conditions of little to no nitrogen, two excited Rb atoms on a

collisional trajectory can pool their energies, resulting in one Rb becoming more
excited, and the other relaxing to ground state. Eventually, the highly excited Rb
will release a photon at 421 nm to relax to the ground state (Fig 3.1). This
emission results primarily from the following process:
Rb*(5P1/2) + Rb*(5P3/2,1/2) → Rb(5S1/2) + Rb*(6P3/2,1/2) → hν(421 nm)

(3.1)

Like the D1 and D2-emitted light, the violet light actively depolarizes the Rb
vapor, thus lowering the achievable PXe level. In addition to the 421 nm line,
there are several other emission lines caused by Rb relaxation from a variety of

Fig. 3.1 Emission of 421 nm light resultant from Rb*Rb* energy pooling mechanism, caused by Rb/129Xe
SEOP in the absence of nitrogen as a buffer gas.64,111
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excited states (even upwards of 11D).
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Futhermore, the author has noted
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a

seemingly irreversible degradation of the OP cell after running under conditions
of low [N2]cell, possibly due to damages to the surfactant coating of the OP cell.
Recent work by Happer and co-workers

112

demonstrates the relevance of

cell heating and energy transport in OP cells. Using in situ Raman scattering
measurements on N2 under typical but mild SEOP conditions (~15 W of
o

broadband LDA irradiation, Tcell ~100 C), ro-vibrational temperatures upwards of
nearly 900 oC were observed. This excess thermal energy could potentially affect
the nature of energy transport within the cell on both the macroscopic and
molecular levels, especially under conditions of increased resonant laser flux
(using narrowed light sources), higher Tcell, and different OP gas
density/compositions. Indeed, the amounts and types of buffer gases can play a
(possibly significant) role in the transport of dissipated laser energy across the
OP cell.

3.4.4 Xenon Density Effects
Maximal PXe values are normally achieved by running under very low [Xe]cell
(on the order of ~10 torr Xe or less) in order to minimize PRb losses due to Rb-Xe
collisions.63 Also, increased total cell pressures (and [Xe]cell) results in losses to
the contribution of three-body spin-exchange interactions to γSE53; this results in
an overall reduced Rb-Xe spin-exchange rate, to the limit of the purely binary SE
term. Because of these effects, increases in [Xe]cell are typically expected to be
(more than) compensated for by corresponding losses to PXe, resulting in a
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steady-state ‘signal-to-concentration’ ratio (SCR)

63

at increased xenon densities.

This problem makes the production of large quantities of highly polarized

129

Xe

experimentally challenging. Currently, the only way around this problem is to use
complex, expensive continuous-flow systems that polarize a small amount of
xenon at an instant (~0.1-60 torr Xe) and accumulate the hyperpolarized gas
over time.57,113
In addition to lowered PXe values, SEOP at high [Xe]cell can become a bit
more experimentally challenging for another reason: while collision-broadening
of the Rb D-lines is well-known54, the Rb absorption lines can also be shifted, as
well as undergo asymmetric lineshape changes, due to the presence of other
gas species (especially xenon).114 These changes take place in a gas-specific,
pressure-dependent, and temperature-dependent manner, depending on the
amount and type of gases in the OP mixture. The effects from xenon are
particularly strong, as increased [Xe]cell promotes a ‘red’-shift and asymmetric
broadening on the ‘red’-side of the Rb D1 (as well as the Rb D2).114 These effects
are important for optimizing the spectral offset of the SEOP light source, as
narrow-band lasers may completely miss the actual Rb absorption depending on
the OP gas mixture; also, the optimal spectral offset for achieving high PXe
values may be dramatically shifted from what would be expected. Similar studies
measuring the effects of OP gas mixtures on the Cs D1 & D2 absorption lines
have also been researched.86
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3.4.5 Cell Temperature / Laser Power / Spectral Offset
Increases to the OP cell temperature raises [Rb]cell

115

, which in turn

increases γSE and improves PXe. However, if [Rb]cell climbs too high, the OP cell
will become optically dense, and laser light will not be able to penetrate
throughout the cell, preventing sufficient illumination of the entire cell volume.

65
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While the illuminated Rb atoms will be polarized to near unity , PRb will drop to
zero in the ‘dark’ regions of the cell. Hence, even if γSE is high, ‘global’ PRb will
suffer, reducing the highest attainable PXe values66 (as hot, dark Rb still spinexchanges with xenon, just not in a ‘constructive’ manner). Additionally,
increased Tcell can be detrimental to organic cell coatings

71,72

, increasing the HP

129

Xe relaxation rate due to wall collisions.
Increases to [Rb]cell necessitate the use of higher-powered lasers65, thus

allowing the light to penetrate further into the OP cell at high cell temperatures.
The high resonant flux from narrow-band lasers may possibly promote the use of
lower cell temperatures, as a large fraction of the light may be absorbed in the
front portion of ‘optically thick’ OP cells (and there is less ‘off-resonant’ light
passing through that can be absorbed further into the cell), leaving the rear of
the cell relatively ‘dark’. Also, high resonant laser flux may add additional heat to
the OP pumping mixture, so that it may actually be beneficial to lower the Tcell to
compensate for the added energy.116
The combination of high OP cell temperatures and high laser fluxes may
cause thermal gradients and instabilities where the undissipated heat from the
laser absorption compounds [Rb]cell (and thus further light absorption) in a self-
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reinforcing way (i.e., the ‘Rb run-away effect’).

65

Indeed, simulations

66

have

shown that, at increased cell temperatures, not only is ‘dark’ Rb a problem, but
that mass energy flow in a longitudinal fashion increases the residency time of
the xenon with the OP cell’s walls (increasing ΓXe), as well as prolonging contact
with the non-illuminated, unpolarized Rb vapor. Additionally, the effects of
extremely high N2 temperatures (as N2 possesses a much higher thermal
conductivity than Xe)112 have yet to be explored under conditions of high
resonant laser flux and high [N2]cell (& low [He]cell).
In theory, the highest rubidium electron spin polarizations should be
achieved when the laser is tuned to the center of the Rb D1 absorbance line (i.e.,
794.76 nm), using the highest laser power available.57,58 However, in practice,
there are many considerations when determining the optimal laser offset (many
of which are interdependent). For instance, the density/composition of the OP
gas mixture may shift (and asymmetrically broaden) the Rb absorption lines.
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Also, through the course of this work, it seems especially important to optimize
Tcell, laser flux, and spectral offset, so as to allow a good fraction (~30-50%) of
the laser light to transmit through the cell (without being absorbed), especially
when using narrowed light sources (so as to minimize ‘dark’ Rb).116 This state
can be readily achieved by lowering Tcell and pumping slightly (~0.1 nm) offresonance.59 Indeed, perhaps to compensate for their own spectral narrowness,
it may prove advantageous to optically pump just a bit off-resonance when using
frequency-narrowed light sources, thus allowing the light to penetrate further into
the OP cell, and minizmize areas of unpolarized Rb.
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CHAPTER 4
LASER TECHNOLOGY FOR OPTICAL PUMPING

4.1 INTRODUCTION
From the beginnings of SEOP to the present, there have been great
advances in the technology of light sources used to optically pump alkali metals
(especially Rb). Early studies used discharge lamps
(including water baths that act as IR filters
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and simple optics
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) to spin-polarize the Rb electrons.

Eventually, these methods gave way to the emerging laser technology of the
day, such as titanium sapphire and dye lasers.

54,118

These light sources

benefited from incredibly narrow spectral outputs (on the order of 0.1 nm
FWHM—full width at half maximum—or less) and clean lineshapes. However,
especially in their infancy, they suffered from extremely low powers (from
fractions of a watt to a few watts)118; they are also quite expensive119, have a
large laboratory ‘footprint’120, and require an experienced and skilled operator.

4.2 BROADBAND LASER DIODE ARRAYS
Recent advances to solid-state laser diode arrays (LDAs) have
revolutionized the field of optical pumping.54 LDAs can emit laser light at high
powers (tens, even hundreds of watts)65, are relatively cheap, rugged, longlasting, take up very little space, have easily attainable power and cooling
requirements, and are quite simple to use. Briefly, diode lasers121-124 are based
on semiconductors; as such, they operate by injecting electrons and electron
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holes from opposite ends of a p-n junction (e from n-doped; holes from p-doped)
upon an electrical bias. Recombination of the electrons and holes (in the ‘active
region’) releases a spontaneous emission of light; this light bounces back and
forth through an optical cavity. As these photons pass by other energized
electrons, they promote a stimulated emission, where an extra photon is
produced with the same phase, polarization, frequency, and traveling in the
same direction as the original (non-consumed) photon. A cascading effect (or,
amplification) takes place upon repeated passes, resulting in the medium lasing.
This (fastly-dispersing) emitted light is then collimated and launched into an
optical fiber; LDAs are modular, as arrays of laser diodes may be stacked
vertically to achieve output powers in the kilowatt regime.125
Despite the numerous benefits of optical pumping with LDAs, they suffer
from one important drawback: broad, uneven lineshapes.
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These broad spectral

outputs (usually 2-3 nm FWHM) dwarf the relatively narrow atomic absorption
lines (generally, ~0.1 nm or less during SEOP conditions). Because of this
discrepancy, much of the laser output is wasted, as it is too far off-resonance to
be significantly absorbed (see Fig. 4.1). This loss in absorption efficiency can
necessitate high incident laser powers (up to hundreds of watts), presenting
thermal-management problems.65 While this low absorption efficiency can be
partially mitigated by increased pressure-broadening of the Rb D1 line54, this
practice can bring on its own experimental complications—namely, losses to the
SE rate due to decreased 3-body interactions53 (not to mention increased
difficulty in separating the HP 129Xe from the buffer gases—due to limitations in

55
the cell design—and increased risk of explosions). Also, LDAs traditionally have
a poor spatial beam quality (or, ‘spot’) and are only available in certain
wavelengths
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(with a limited range of tunability).

To combat these problems, two methods have been developed to constrict
120,127,128

the LDA output bandwidth: external cavity narrowing

, and more
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recently—volume holographic grating (VHG) narrowing
120,127,128

narrowing

. External cavity

employs planar dispersive gratings to provide feedback to the

individual LDA elements; however the optical alignment is critical to maintain
feedback to all the elements to ensure acceptable spectral quality and energy
efficiency (typically ~40-66%127,128). Whether the gratings can withstand
sufficiently high intensities is questionable
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, as the low efficiency of external

cavity laser diode arrays (ECLDAs) produces a large amount of heat in the
gratings upon increased laser power.127 ECLDAs also require a sizable work
area, as the frequency-narrowing components (lenses, gratings, mirrors, etc.) are
external to the LDAs, and must be expertly placed and aligned to provide optimal
feedback to the individual laser elements.

4.3 FIXED-FREQUENCY VHG-LDAS
While ECLDAs have worked to increase the efficiency of SEOP with
resonant, frequency-narrowed laser light ranging from a few to tens of watts120,
they still suffer from low efficiency and require a particular skill set to effectively
operate. Alternatively, volume holographic gratings (VHGs—also known as
volume Bragg gratings (VBGs)) can spectrally narrow LDAs with efficiencies
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exceeding 90%.
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VHGs are bulk slabs of photosensitive glass

131

which contain

Bragg planes of varying indexes of refraction; the VHG retro-reflects a narrow
band of the laser emission into the LDA elements, forcing them to lase at this
injected wavelength (Fig. 4.1b).

59

Thus, the VHG works as a frequency-selective

feedback element (FSFE), as each individual laser element effectively has its
own optical feedback.

116

Fig. 4.1. (a) Comparative output of a ~32 W broadband
LDA (~2 nm FWHM—black) versus ~28 W of VHGnarrowed light (~0.27 nm FWHM—red). Vertical scale
normalized to equal heights. Note that the output
quality of the broadband LDA is unusually good—the
lineshape of most broadband LDAs is usually much
worse. (b) Primary components of the VHG-narrowed
(fixed-frequency) ‘Comet’ LDA, consisting of a (multisource) laser bar, collimating optics (FAC—fast axis
collimator), and the VHG grating—all of which reside in
the LDA's compact housing.59,111
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The VHG structures are recorded (by holographic techniques) in the
photosensitive alumino-sodia-silicate glass, doped with silver, and then
o

sensitized with cerium. After annealing (500-600 C), the hardened glass is
thermally, physically, and chemically stable, and has a high optical damage
threshold.
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Furthermore, as VHG-LDAs are self-contained, they take up little

space, are fairly inexpensive, and require almost no more expertise to operate
than what is needed with a standard broadband LDA. VHG-LDAs can often be
‘driven’ with simple, inexpensive power supply units, and cooled with
thermoelectric coolers (TECs) or water chiller plates. The laser output is often
directed into an optical fiber (of arbitrary length), which is then coupled into an
optics box that contains a collimator, beam splitter, and quarter-wave plate (to
induce circular polarization), before irradiating the cell.
The efficient output-narrowing achieved from VHG-LDAs has many benefits
for SEOP; typical linewidths vary from ~0.2 - 0.5 nm
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(Fig. 4.1a), while output

powers can easily reach 150+ watts.133 This ability to narrow the spectral output
by an order of magnitude without sacrificing overall laser flux has already directly
translated to increased PXe values (~3-fold watt-for-watt increase in PXe—as
discussed in Section 8.3).59 Aside from increased PXe values, high-power,
frequency-narrowed light sources also allow for more detailed fundamental
studies of optical pumping; of particular interest is monitoring how changes to the
excitation wavelength (i.e., the laser’s spectral offset) affect PRb / PXe under
various conditions116 (these experiments are simply not possible using
broadband LDAs).
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Spectrally tuning conventional LDAs is achieved by varying the LDA
o
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temperature (~0.3 nm/ C) ; however, the nature of the VHG feedback makes
tuning VHG-LDAs more difficult. Indeed, changing the output wavelength of
VHG-LDAs is a non-trivial function of the separate temperatures of the LDA and
the VHG (which itself is primarily determined by the laser power).
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By changing

o

the VHG temperature (temperatures of ~15-40 C are operationally safe for the
laser diode, while the actual VHG can withstand much a wider temperature
range134), a slight change in the element spacing within the VHG occurs, thus
altering the laser’s spectral profile. Generally speaking, increases to the laser
power or diode temperature induce a ‘red’-shift (to higher wavelengths), and
vice-versa; changes to the laser power typically have a much greater effect than
diode temperature changes (as the laser power directly heats the VHG). This
makes direct comparisons of SEOP at different excitation wavelengths difficult

Fig. 4.2. Output of tunable VHG laser, showing spectral
output under conditions of un-locked (green), partial
lock (red), and optimal (blue) VHG alignment (by
physically moving the grating). Note total lack of any
parasitic “bleeding” at the locked laser wavelength.134
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due to the necessary changes in laser flux. Additionally, it is critical to remain in a
particular range of laser powers and temperatures; journeys outside of this range
are met with a loss of laser ‘lock’ (resulting in broader, uneven lineshapes and
spurious output some distance away from the ‘locked’ output—Fig. 4.2).
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4.4 TUNABLE VHG-LDAS
Due to the increased interest in SEOP studies involving changes to the
spectral offset, next-generation VHG-LDAs have been developed that are able to
spectrally tune over a wide range of wavelengths (1.5+ nm), with minimal
changes to the output power. This allows for the direct, ‘apples-to-apples’
comparison of PRb / PXe values at different excitation wavelengths116, a feat not
possible with the first generation, fixed-frequency VHG-LDAs.

4.4.1 VHG-TEC Tuning
Thus far, there have been a few methods of achieving this increased
spectral tunability: the first technique employs a separate thermoelectric cooler to
independently heat and cool the VHG separate from the laser diode (Fig. 4.3a).
Thus, the laser is spectrally tuned by changing the temperature of the VHG itself,
with minimal changes to the output from the laser diode. Unfortunately,
preliminary studies134 of this method posed many limitations (Fig. 4.3b), primarily
consisting of a small tuning range (~0.2 nm) despite drastic changes of VHG
temperature (∆TVHG~125 oC) (possibly due to poor anchoring to the TEC).134
Additionally, the output power from the laser was significantly below
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specifications, and spurious ‘unlocked’ output bled through, likely due to a (small,
but significant) misalignment of the VHG.

Fig. 4.3. (a) Tunable VHG-LDA. Similar to 4.1b, with
additional TEC mounted to control temperature of VHG.
(b) Spectral output of TEC-tunable VHG-LDA; minimal
tuning range despite large ∆TVHG. Noticeable loss in
power with increased red-shift and ‘unlocked’ output at
higher wavelengths under all conditions.134

4.4.2 Mechanical Tuning
Another approach to changing the laser’s spectral offset involves physically
moving a ‘chirped’ VHG relative to the light emission source.
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The VHG is

made so that the spacing between the gratings changes (say, from closer to
farther apart) as a function of distance across the VHG (in the vertical direction);
moving the grating up and down changes the wavelength of light emitted from
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the laser. For instance, by pulling the VHG up, the spectral output red-shifts,
while pushing down on the VHG blue-shifts the laser emission. Additionally, the
output linewidth can be varied by rotating the VHG perpendicular to the central
axis of the light beam.

Fig. 4.4. (a) Normalized spectral output from mechanically tunable
‘chirped’ VHG-LDA at Tcell=90 oC (green line shows Rb
absorbance). (b) Photo of tunable VHG-LDA prior to assembly;
Flexure mount holding the ‘chirped’ VHG is shown in the center.135

Figure 4.4a demonstrates the increased tunability of this mechanical
approach135; despite the increased tunability (∆λ ~2+ nm), changing wavelengths
in this fashion can prove cumbersome. Early versions of this design (Fig. 4.4b)
required ramping down the laser, removing the top, physically adjusting the VHG
with a small lever, replacing the top, and turning the laser back to full power.
Even then, it was a ‘best guess’ as to the extent of physically moving the VHG to
achieve the desired wavelength (if a particular wavelength was sought, then the
process may need to be repeated several times). Future generations of this
design may attach the VHG to a translational stage, thus allowing for mechanical
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tuning from outside of the module box, and significantly simplifying the tuning
process.

4.4.3 ‘On-Chip’ VHG-LDAs
To date, the optimal method for tunable VHG-LDAs (combining tunability
range and ease of operation) has been through ‘on-chip’ integrated Bragg
grating LDAs.
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These devices are fabricated in a similar way to conventional

laser diodes, with the Bragg grating defined by optical lithography into a
photoresist and etched in the cladding; afterwards, the cladding is regrown on
top of the grating to produce the top electrical contact134 (Fig. 4.5).

Fig. 4.5. Schematic of ‘on-chip’ integrated VHG-LDA. Bragg grating etched
into lasing medium, instead of as a separate optic (i.e., Fig 4.4b). Laser
116
tuning achieved by simply varying the laser diode temperature.

An additional benefit of ‘on-chip’ VHG-LDAs is the ability to vastly increase
total laser flux without dramatic increases in size. As the Bragg gratings are
etched into the laser diodes themselves, several diodes can be placed inside a
single module and launched into a single optical fiber (Fig 4.6). This is opposed
to the previously-described lasers, where each diode requires its own complete
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Fig. 4.6. Photograph of prototype ‘on-chip’ VHG-LDA module, with three
laser diodes launching into a single optical fiber.134
module and the fiber-coupling must be spliced among the modules. This new
design also increases the ability to control the linear polarization of the light from
each diode, thereby allowing circular polarization of the light with a simple
collimating lens and λ/4 retarder plate and obviating the need for a secondary,
skew beam.134
Because of this ability to efficiently scale-up, an ‘on-chip’ VHG-LDA
comprised of three diodes can have output powers exceeding 80 W, while a sixdiode module may exceed 150 W 136 (and ~200 W, 8 module systems are now
available).Tuning the spectral output is simply achieved by varying the
temperature of the module (thus tuning the spacing of the built-in grating)134;
alternatively, changing laser power will also vary the spectral output (by ‘rampingup’ the LDA, the emission wavelength increases). Most modules are capable of
tuning over a wide range (> 1.5 nm; Fig. 4.7), allowing SEOP studies on either
side of the Rb absorbance line over a wide range of laser fluxes.134 This flexibility
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in spectral offsets facilitates in-depth studies regarding changes to the Rb D1
absorption line upon increases to the in-cell xenon density.

Fig. 4.7. Spectral outputs from a broadband LDA (grey)
and a next-generation, frequency-narrowed 'on-chip'
VHG-LDA tuned to different wavelengths (color). Ability to
spectrally tune via changes to diode temperature
independent of output flux allows excitation wavelength136
dependent SEOP studies.

4.5 EMERGING LASER TECHNOLOGY FOR CS/

129

Xe SEOP

Despite the many potential benefits of Cs/129Xe SEOP, there have been
relatively few advances in this field, as compared to Rb/129Xe SEOP. This is
primarily due to insufficient advances in available light sources at the Cs
excitation wavelengths. Laser diode arrays are only manufactured at particular
wavelengths, and despite some measure of tunability, the Cs D1 line (894.3 nm)
lies too far away from the most commonly used LDA wavelengths. There have
been some early studies that were able to optically pump Cs using indium-
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gallium-arsenide LDAs, but those lasers suffered from very low power (~0.3 W
resonant output) and resulted in low PXe values (~2.5 %).

84

Also, B. Driehuys

achieved PXe values of ~6% using a 7.2 W, frequency-narrowed (~0.15 nm
FWHM) laser tuned to the Cs D1 line; however, this was only approximately half
the xenon polarization attained from Rb/

129

Xe SEOP using a broadband laser.
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Recently, studies of SEOP at the Cs D1 and D2 absorption lines via highpower (~50 W) broadband laser diode arrays (Fig 4.8) have shown that, indeed,
cesium may be more efficient for producing hyperpolarized

129

Xe than rubidium87

(see Chapter 11). The long-term goal for advancing SEOP using Cs will be to

Fig. 4.8. Plots of two new broadband lasers that can selectively
excite the D1 (right inset) and D2 (left inset) absorption lines of
cesium.87
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develop high-power, frequency-narrowed, tunable light sources (on the scale of
what is currently available for optically pumping Rb), and use them to further
‘map out’ the experimental parameter space of Cs/

129

Xe SEOP, with the hope of

being able to generate large quantities of highly polarized

129

Xe that will compete

with/surpass the levels already attained via Rb optical pumping.
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CHAPTER 5
MAGNETIC RESONANCE APPLICATIONS OF HYPERPOLARIZED XENON

5.1

INTRODUCTION

The inherent lack of detection sensitivity in most traditional magnetic
resonance experiments limits the usefulness and applicability of this otherwise
powerful scientific tool.

19

However, the enhancements in signal intensity afforded

by hyperpolarized species can improve existing NMR/MRI applications as well as
allow for novel MR approaches to otherwise unworkable problems. Over the
years, HP 129Xe has been extensively used to increase the MR detection
sensitivity for numerous studies involving diverse systems of molecules,
organisms, and materials.

19

The remainder of this chapter will highlight a few of

the various applications of HP

129

Xe in the field of magnetic resonance.

5.2 PROPERTIES OF XENON

5.2.1 General physical properties
The various physical states of xenon exist under conditions (temperatures
and pressures) that can be readily achieved in the laboratory19; under
atmospheric conditions, xenon exists in the gas-phase at room temperature (Fig.
5.1). At just below ambient pressure, the triple-point of xenon exists at ~160 K;
Xe can also be easily solidified by freezing in liquid nitrogen (~77 K). This allows
for the efficient collection of Xe after optical pumping and provides a way to
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remove the buffer gases in the OP mixture (as well as to ‘de-gas’ aqueous
samples that contain Xe dissolved in solution). Liquid xenon (which can be used
19

as a hydrophobic solvent)

can be collected at fairly moderate pressures (1-10

atm) through condensation at around 170-200 K; supercritical xenon is also
attainable under relatively mild conditions (~58 atm and near ambient
temperatures).

138

Fig. 5.1. Phase diagram for physical properties of
xenon (disregard pathway lines (dotted and dashed)).
19
Figure courtesy of Ref .

The hydrophobic nature and strong van der Waals interactions provide
xenon with good solubility qualities in hydrophobic surroundings (i.e.,
membranes, lipids, fatty tissues, etc.).

139,140

The lipophilic properties of xenon

allow it to engage in specific and nonspecific interactions with proteins, material
surfaces, and inclusion complexes.19,139,141 This lipophilicity also contributes to
xenon’s propensity for effecting anesthesia; indeed, xenon NMR may be a good
way to study the mechanism of general anesthesia (which is currently poorly
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understood).

140,142

The lack of toxicity allows high concentrations of xenon to be

used for in vivo imaging and spectroscopy; however, the fractional concentration
of xenon should remain below 35% to circumvent unwanted anesthetic
effects.

142

5.2.2 NMR Properties
Xenon atoms are highly polarizable (due to their large electron clouds), with
an atomic radius of ~2 Å and van der Waals volume of ~42 Å3. Two NMR-active
xenon isotopes (129Xe & 131Xe) have sufficient natural abundance to undertake
gas-phase, solution, and solid-state NMR studies (as summarized in Table 5.1).
Table 5.1. Physical and NMR properties of
129
Xe & 131Xe.1

129

Xe is the more commonly used isotope in NMR studies due to its long T1;

in the gas phase (after collection from the OP cell), the T1 of the HP 129Xe can
typically last for 90+ minutes, depending on the integrity of the storage container
(at low [Xe]cell and high B0, HP 129Xe T1’s have been measured in excess of 90
hours).70 When stored in the condensed phase, T1 values of 129Xe range from ~3
hours (at 77 K) up to ≥100 hrs (at 4.2 K)143,144 when kept in high magnetic fields
(≥500 Gauss). The presence of the external field prevents (or at least, slows
down) coupling with the quadrupolar 131Xe in the lattice. While generation of HP

70
131

Xe is possible, the very short T1 values (~0.1 s due to quadrupolar relaxation)

limit its general applicability in NMR studies. Indeed the (typically) two orders of
Xe

magnitude increase in T1

(as compared to

131

Xe) makes

129

Xe the isotope of

choice for most MR-application studies. In theory, the T1 of xenon in a
homogeneous B0 should only be comprised of relaxation due to spin-rotation
during Xe-Xe collisions

145

:
T1Xe ≈ 56 hrs / ρ ,

(5.1)

where ρ is the xenon density in amagats. However, in practice, the
Xe

hyperpolarized T1

is also greatly limited by collisions with the inner wall

surfaces of its container.71,72
129

1

Xe-based NMR (as opposed to H &

13

C) benefits from zero background

signal (in most samples), making the interpretation of spectra very
straightforward. 129Xe also benefits from an exquisitely sensitive chemical shift
range (>7,500 ppm) due to its large, easily polarizable electron cloud. Strong
electron deshielding effects make xenon a very effective chemical ‘sensor’;
indeed, a chemical shift range of over 200 ppm can be found from simply
dissolving xenon in a solution (Fig. 5.2).

19

Because of its impressive chemical shift sensitivity, long T1’s, and ability to
be hyperpolarized, 129Xe has been extensively used in the magnetic resonance
community for a variety of applications. However, due to its nonrenewable
nature, whichever rf pulse sequence used for the particular HP NMR experiment
must occur faster than the timescale of T1Xe. Also, to prevent complete depletion

71
of the polarization enhancement in only an instant, small tipping angle pulses
must also be used. By applying each pulse of tipping angle ‘α’, the remaining z-

Fig. 5.2. Chemical shift for xenon in various environments.
Figure courtesy of Ref.19

component of the magnetization is reduced by a factor of cos(α).19 The only way
to replenish the HP signal enhancement (for signal averaging or multiple
separate experiments run in series) is to introduce freshly polarized gas between
pulses (via continuous flow set-ups).146,147 This non-renewable polarization can
be used to one’s advantage, as the HP signal can be efficiently and completely
destroyed at will, and the threat of any ‘HP background’ signal is minimal (due to
Xe
dilution and short T1 ’s in solution). These two factors may lead to a more

straightforward interpretation of HP 129Xe MR spectroscopy & imaging.19
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5.3 POLARIZATION TRANSFER METHODS
The increased spin polarization from HP

129

Xe allows for its use as an MR

probe for a variety of diverse systems of interest. However, for the most part, the
information that is obtained for the underlying molecular structure and dynamics
is indirect, and must be inferred from the chemical shift and/or relaxation
characteristics of xenon atoms in close contact with the species of interest. A
more direct method, where the overall NMR signal of the species of interest itself
is increased, would be preferred. Thus, a substantial amount of research has
been spent developing novel spin-systems that are able to transfer the high
polarization of the 129Xe nuclei to other nuclei of interest (i.e., 1H & 13C).

5.3.1 Low-Field Thermal Mixing
The earliest (and simplest) method of transferring polarization from

129

Xe to

other species of interest is through a process known as low-field thermal mixing.
Using this method, HP 129Xe and the species of interest (first demonstrated in
131

Xe; now typically a

13

148,149

C-labeled molecule is used)

are combined and

allowed to mix so that the HP 129Xe throughout the sample is very homogeneous.
The sample is then rapidly frozen; an applied magnetic field (or, ‘mixing field’) is
swept so that the Zeeman energies of the two spin species are matched by their
dipolar couplings.19 At this point, the nuclear spins equilibrate in polarization (or,
reach an ‘average’ P).
While useful, the efficiency of the polarization transfer is low, with typical
enhancements of 13C signal “only” around ~200-fold.148 Other limitations include
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19

the difficulty of using xenon “ice” (or frozen solutions) , the types of molecules
that can be polarized (typically limited to molecules that contain few alternative
NMR-active nuclei) and the homogeneity of the species of interest (i.e., how
‘evenly’ the HP

129

Xe mixes with the target molecules). Recent studies have

addressed the latter two limitations

150

, where HP

129

Xe and

13

C-labeled acetic

acid were mixed together in the gas phase before freezing, thus increasing the
homogeneity of the sample and leading to a factor of ~10 enhancement in

13

C

signal.

5.3.2 SPINOE
In the 1950’s, Albert Overhauser hypothesized the (through-space) transfer
of spin polarization between electrons and nuclei

151

; this is the basic concept of

one type of DNP. In a coupled spin-system, when one of the spin species is
disturbed (by continuous irradiation with a weak rf field), the polarization of the
other species deviates from equilibrium.152 The (nuclear-nuclear) NMR
equivalent of this process is referred to as the Nuclear Overhauser Effect (or,
NOE). For experiments using HP 129Xe as one of the species in the coupled
spin-system, the effect was given the moniker of SPINOE, or spin polarization
induced-NOE, and was used to show an enhancement (~2x) of 1H signal in
partially deuterated benzene (also, by inverting the polarization of the HP 129Xe,
the 1H signal inverted as well).152
The experimental freedoms of SPINOE are greater than those attained via
low-field thermal mixing; for one, SPINOE works with xenon dissolved in isotropic
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Fig. 5.3.
Example SPINOE spectra of HP 129Xe in water-soluble
cryptophane-A hexaacid. (a) High resolution 1H spectra (at thermal
129
equilibrium) of cryptophane-A. Inset: Magnetization decay of the HP Xe in
1
the water-soluble cryptophane-A hexaacid solution. (b) H SPINOE spectra
with HP 129Xe “positively-polarized’. (c) Difference SPINOE, with efficient 1H
1
129
equilibrium signal suppression. (d) H SPINOE spectra with HP
Xe
“negatively-polarized”. Decreased resolution likely due to decreased sample
129
154
homogeneity from “shaking” the HP Xe into solution.

liquids. There is no need to freeze the xenon and sample together (indeed, a
continuous-flow OP apparatus can be quite beneficial by delivering freshly
polarized

129

Xe to the liquid sample), and samples of interest can be selectively

deuterated to further enhance a specific HP 129Xe → 1H polarization transfer. One
novel twist is to use liquid xenon as the solvent in the SPINOE sample (thus
increasing the xenon density and 129Xe → 1H cross-relaxation rate).19 The use of
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certain rf pulse sequences allows for greater flexibility, as the equilibrium NMR
19

signal can be depleted (known as a ‘difference SPINOE’) , allowing for the
observation of small, specific SPINOE effects (Fig. 5.3). This particular benefit
can be quite useful; to date, however, the obtained enhancements (particularly of
13

C) using SPINOE have been quite small, and are not currently up to the level of

LF thermal mixing.

153

Future SPINOE work in the Goodson laboratory will

concentrate on inclusion complexes (i.e., cryptophanes) and proteins (such as
154

myoglobin)

; Fig. 5.3 demonstrates a set of SPINOE experiments of xenon in a
1

water-soluble cryptophane-A hexaacid, which includes: a high resolution H NMR
spectra, SPINOE 1H spectra of ‘positively’ polarized xenon, a difference SPINOE
1
1
where all H signal is suppressed, and a SPINOE H spectra using ‘negatively’

polarized xenon (produced by inverting the magnetic field used during optical
pumping).

5.4 XENON BINDING IN HYDROPHOBIC CAVITIES OF PROTEINS
The sensitive chemical shift range, relatively small size, and propensity for
hydrophobic environments make 129Xe an intriguing option for biomolecular NMR
studies. In particular, changes to the chemical shift may provide details
concerning changes to the chemical composition and structure of proteins.155
This information is made available through both specific (xenon binding to
hydrophobic cavities) and nonspecific (xenon interacting with surface residues
on proteins) interactions. While the specific interactions are weak (due to low
xenon association constants; ≤ 200 M-1), the nonspecific interactions are even
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weaker (but continue to arise in systems that feature denatured protein or free
amino acids in solution).

156

Thus, the presence of a hydrophobic ‘pocket’ may be

deduced from comparing the NMR spectra of a protein in its natively-folded state
versus in a denatured form. However, due to its typically fast exchange (~µs)
between the protein and solution environments, only one

129

Xe NMR peak

appears in the spectrum.
While many biomolecules contain hydrophobic pockets of relevant size (43165 Å3)156, the most widely studied protein for 129Xe binding thus far has been
myoglobin (Mb).

157-160

Myoglobin is a ~17 kDa α-helical globular protein that

consists of 153 amino acid residues and a heme group; the primary function of
the protein is to store oxygen for muscle tissues.161,162 Xenon-Mb interactions
139,157

;

have been studied in detail using both NMR and X-ray crystallography

indeed, it appears that there are four specific xenon binding sites in sperm-whale
myoglobin (SWMb), with varying degrees of xenon affinity.139 These binding sites
are inaccessible to the solvent (as they are ‘hidden’ in the protein’s hydrophobic
core); their functions have not yet been determined, but the protein may have to
undergo concerted conformational changes in order to bind the xenon.

19

As myoglobin is a cheap, rugged, and readily available protein that willingly
binds to xenon and has been highly characterized throughout the years, it is a
logical choice for HP 129Xe NMR studies. However, the iron-containing,
paramagnetic heme compound in the center of the protein is a strong
depolarizing force for hyperpolarized nuclei (contributing the 129Xe T1’s on the
order of ~0.1 seconds). While there have been a number of different approaches
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to circumvent this obstacle, the one used in the Goodson laboratory has been to
chemically substitute the paramagnetic heme for a diamagnetic zinc
protoporphyrin IX compound, thus making ‘zinc myoglobin’ (ZnMb).
163

Preliminary work on this system (primarily by Xiaoxia Li)

studied both

specific and nonspecific xenon-ZnMb interactions, with the future goal of
studying the system in an anisotropic, liquid crystalline environment. From this
earlier work, it was shown that HP

129

Xe can be successfully delivered to ZnMb,

and a sufficiently long HP 129Xe T1 (~60 sec) can be obtained so as to allow for
future novel experiments (Fig 5.4). Additional findings include changes to the
129

Xe chemical shift (and linewidth) upon variation of the temperature, ZnMb

Fig. 5.4. 129Xe NMR signal decaying after addition of ~1.6 atm of HP 129Xe
129
into 2 mM ZnMb (at 9.4 T), corresponding to a Xe T1 of ~60 sec (small
tipping angle pulses (α~19o) used). Inset: HP 129Xe NMR spectra from first
collected point on curve. Relatively low SNR is mostly due to line
broadening and non-optimal infusion into sample (via shaking). Strength of
gas peak due to increased [Xe] in gas phase (~10x) compared to xenon in
solution (gas peak appears because part of detector coil is above the
liquid/gas interface); figure courtesy of X. Li.199
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concentration, and xenon concentration that are consistent with specific and
nonspecific

129

1

Xe-ZnMb interactions (additionally, changes to several of the H

resonances occur with varying the xenon density). The collected data supports
the idea of at least two strong xenon-binding sites (as well as multiple nonspecific binding sites) in the protein.163

5.5 XENON AS A MOLECULAR BIOSENSOR
When studying binding in hydrophobic protein cavities, 129Xe is commonly
referred to as being ‘unfunctionalized’; indeed, as the

129

Xe chemical shift

responds to different chemical ‘stimulations’ simultaneously, it is difficult to
differentiate exactly which event causes which chemical shift effect.156 Hence,
there has been substantial work

164-166

to functionalize xenon as a molecular

biosensor, typically using supramolecular cage compounds that bind xenon with
high affinity (>1000 M-1).156
Cryptophanes167,168 are a class of roughly spherical, cage-like molecules
that are comprised of rigid, bowl-shaped aromatic structures connected by
flexible aliphatic linker chains. While cryptophanes in general can be used as an
inclusion complex for a variety of small organic guests, ‘cryptophane-A’ in
particular is well suited for xenon-binding, due to the size of the hydrophobic
cavity and strong binding affinity (>3000 M-1 in 1,1,2,2-tetrachloroethane;
dependent on solvent).169 Furthermore, the trapped xenon does not have to
overcome significant steric constraints to move into, and out of, the cage; this
results in a xenon residence time of milliseconds instead of hours.19,169
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Cryptophane-A can also undergo conformational changes that influence the size
and binding capacity of the hydrophobic pocket, thus altering the dynamics of
how xenon is bound and released.
shift range of HP
in solution,

19,170

Figure 5.5 demonstrates the chemical

129

Xe in cryptophane-A, as three resonances appear: free

129

Xe bound to a cryptophane-A host, and

129

Xe

129

sample, but within the detection region of the NMR coil).

Xe gas (above the

154

Fig. 5.5. NMR spectra of HP 129Xe dissolved in
cryptophane-A. Sensitive 129Xe chemical shift allows
resolution of free xenon dissolved in solution, xenon
bound in the cryptophane cage, and gaseous xenon
above the aqueous sample.154

For a truly functionalized biosensor, the cryptophane cage should be
augmented with a linker chain; at the end of the linker is a ligand that specifically
binds to a target (such as a particular protein).

171

The sensitive chemical shift of

129

Xe allows for easy discrimination of xenon in different chemical environments;

indeed, the 129Xe chemical shift is able to differentiate between free 129Xe in
solution and 129Xe bound to a functionalized cryptophane cage that is bound

80
(versus not bound) to its target. This biosensor has already been shown to work
in a model system using a biotin-functionalized cryptophane biosensor (with HP
129

Xe inside the cage) binding to the protein avidin.

172

This effect can be further

expanded by placing several different chemical sensing ligands onto the
cryptophane cages, thus allowing for the simultaneous detection of various
chemical moieties; the slightest modification to the biosensor is projected
through the exquisite chemical shift of the HP

129

Xe.

156

To further increase the usefulness of HP 129Xe biosensors, additional
methods have been enacted to further allow the differentiation of the biosensor
in its bound versus unbound states (relative to its target). One of these methods
is known as hyperpolarized chemical exchange saturation transfer, or ‘HYPERCEST’.3 Using this method, the binding of the xenon biosensor to its target is
detected indirectly. Using the sensitivity of the 129Xe chemical shift, the
resonance frequency of HP 129Xe inside a biosensor that is bound to its target is
specifically saturated, thus depleting the hyperpolarized signal; as the ‘old’ xenon
moves out of the cage, ‘fresh’ HP

129

Xe moves in, and is subsequently depleted

as well. The NMR detection frequency is set to that of

129

Xe free in solution; as

this signal becomes attenuated, the prevalence of biosensors that are bound to
their targets can be monitored. If one knows what the HP 129Xe T1 is in that
specific solution, the concentrations of xenon and biosensor, as well as the
residence time of the xenon in the cage, it is possible to back-calculate the
concentration of the target species. In the future, the HYPER-CEST method may
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produce an enhanced method of detecting particular biomolecules in vivo using
HP

129

Xe-functionalized biosensors.

5.6 DIFFUSION IN POROUS MEDIA / SURFACE STUDIES
The physical properties of porous materials can depend on overall porosity,
as well as the size distribution and connectivity of the pores. This makes the
nondestructive characterization of porous species experimentally challenging,
especially when the system is optically opaque.

129

Xe is an inert gas, and is able

to provide contrast for material inhomogeneity and morphology in a
nondestructive manner.19 The main drawbacks of 129Xe imaging via thermally
polarized xenon (low density & low nuclear spin polarization) are mitigated by
using hyperpolarized

129

Xe; the high spin polarization is able to overcome the

small number of nuclear spins that penetrate into the porous material.

173

The increased detection sensitivity of HP 129Xe allows for a variety of
materials studies, such as gas diffusion and flow through porous media and the
imaging of macroscopic void spaces in materials. Many of these studies are
aided in the use of a continuous flow SEOP apparatus, so that a constant stream
of freshly-polarized

129

Xe is introduced into the system. Indeed, a continuous

flow of HP 129Xe has allowed for chemical shift imaging (CSI) of zeolites; this CSI
serves as an extra source of contrast imaging, in addition to nuclear spin density
and T2* contrasts.174 Polarization-weighted images can be used to ‘visualize’ the
transport of HP gases through porous media, allowing for the study of flow
profiles and diffusion coefficients.175 HP 129Xe has even been used in MR studies
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to probe multiwall carbon nanotubes; xenon is able to penetrate to the interior of
the nanotube, and the chemical exchange of xenon in and out of the tubes has
been shown to be temperature dependent.
Applications of HP

176

129

Xe MR imaging and spectroscopy of material surfaces

include changes to the chemical shift and lineshape of HP

129

Xe frozen in thin

films (~1 µm thick) on the surfaces of sample containers with different
geometries (i.e., spherical, cylindrical, etc.). The container geometry affects the
129

Xe due to the bulk diamagnetic susceptibility of solid xenon, while the

chemical shift appears to be temperature-dependent.

173

This line of work was

later taken a step further, by transferring the high nuclear spin polarization of HP
129

Xe to the 1H and 13C spins on the surface of high surface area solids through

a dipole-dipole cross-relaxation between surface spins and HP 129Xe atoms
adsorbed to the surface.177 Polarization transfer between HP 129Xe and surface
nuclei can also be mediated by SPINOE, resulting in ‘surface-enhanced’ NMR
spectroscopy of surfaces.146 Preliminary studies of the dipole-dipole interaction
between HP

129

Xe and solid, lyophilized proteins has shown changes to the

129

chemical shift and lineshape depending on the type of protein and
temperature.178

5.7 LOW FIELD & REMOTE DETECTION TECHNIQUES
The low nuclear spin polarization of thermally-polarized NMR samples
necessitates the use of strong magnetic fields in order to detect the resulting
weak signals. However, high field magnets come with a number of logistical

Xe
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drawbacks; among them are the high prices to manufacture, house, upkeep, and
fill with cryogens on a regular basis, time and additional resources required for
cryogen fillings, and the inherent physical dangers of strong magnetic fields.
Additionally, high-field magnets are highly immobile and impractical for field use.
The added detection sensitivity of hyperpolarized noble gases has helped
to facilitate magnetic resonance studies at lower magnetic fields

179

, as the non-

equilibrium spin polarization is not dependent on the strength of the applied
magnetic field. Indeed, if high-resolution MR spectroscopy and imaging can be
accomplished at a fraction of the magnetic fields currently used today (such that
superconducting magnets are no longer necessary), the price and portability of
MR systems will become much more favorable and will likely result in a dramatic
3
129
increase in general applicability. HP Xe has already been shown as a viable

means to study systems at low magnetic fields, including 129Xe detected with an
atomic magnetometer.180 Of course, the ultimate goal would be to use the
Earth’s magnetic field as a source of B0. The obvious benefits of an Earth’s field
MR system include price (B0 is free), availability (everywhere), high levels of
homogeneity, and lower precession frequency (less energy to needed perturb
spins).181
Conventional MR methods dictate that the encoding (or, rf pulse) and
detection steps must take place in the same rf coil. The optimization of the
system as a whole is a compromise, where neither step is truly optimal. Using
remote detection (RD), the two steps are spatially separated and optimized
individually.182 RD NMR is specifically well-suited for flow studies, where the
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whole sample is encoded using a large coil, then the flowing species is physically
concentrated and detected using a smaller coil, thus optimizing the filling factor
(or, volume of sample versus volume of detection coil) and increasing detection
sensitivity. Remote detection of HP
microfluidics

185,186

, aerogels

129

Xe flow studies in porous media

187

, and variously shaped phantoms

182

183,184

,

have been

quite useful in advancing this emerging technology.
The combination of remote detection of nuclear spins and low B0
spectroscopy will hopefully lead the field of magnetic resonance in a new
direction, away from superconducting magnets. This potential paradigm shift
may be mediated by the use of HP 129Xe as a flow species that has a high
nuclear spin polarization, relatively long relaxation times, and can differentiate its
environment through changes to its chemical shift. Useful time-of-flight (TOF)
information can also be gained from these remote-detection experiments.

183

5.8 VOID-SPACE & TISSUE IMAGING
HP 129Xe has great potential to increase sensitivity and contrast for many in
vivo magnetic resonance studies. Of particular interest are the advantages in
void-space imaging (such as lungs); traditional MRI methods have difficulty
imaging the lungs, due to the very low concentration of 1H present in the gas
phase. The increased nuclear spin polarization of HP 129Xe compensates for the
lower spin-density in the gaseous phase. HP 129Xe lung MRIs have been used to
study air passageways (and blockages) in lung branching19, as well as lung
surface areas188 and the exchange of xenon between void space and lung

85
tissue.

189

Inhalation of HP

129

Xe can vastly increase contrast in lung imaging,

helping in the study of emphysema, asthma, chronic obstructive pulmonary
disease, and lung cancer.

19

Human lung MRI experiments work in the following way: immediately
following inhalation of a ‘breathing mixture’ (typically ~70% hyperpolarized xenon
188

and ~30% oxygen)

, the patient holds their breath during the signal acquisition.

Alternatively, if a continuous flow of breathing mixture is being supplied, the
spectrometer can be gated to synchronize the acquisition to the breathing
cycle.

19

Inhalation of HP

129

190

Xe has also allowed imaging of the oral cavity

,

nasal cavity191, and paranasal sinuses.192
In addition to void-space imaging, HP

129

Xe dissolved in blood and

tissues193 may potentially serve as an important source of contrast for in vivo MR
studies. Valuable information can be attained from localized 129Xe NMR
spectroscopy, chemical shift imaging, chemical-exchange spectroscopy, and
blood perfusion studies in the human body.19 Indeed, xenon dissolved in blood
provides two resonance peaks, one each for xenon in red blood cells and in
plasma.194 For blood studies, the HP 129Xe can be pre-dissolved in a saline
solution, then injected into the blood sample; the HP 129Xe T1 is roughly 5
seconds when dissolved in blood.194 The chemical shift of HP 129Xe has been
found to be sensitive to blood oxygenation levels, and may potentially be used in
the identification of tumors by their large variations in local oxygenation levels.19
During the course of void-space lung imaging, additional resonance
frequencies were found, and later assigned to xenon dissolved in lung tissue.195
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Recent studies have measured the gas-exchange rate of xenon between the
alveolar and capillary red blood cells; this gas exchange across the thin tissue
189

barrier is the fundamental function of the lung

, and its characterization can

lead to a greater understanding of the various diseases of the lungs. The
solubility of xenon in tissue can vary by over an order of magnitude from
aqueous to lipid-rich environments—this is a potential source of novel contrast,
1

as H concentrations vary little throughout the body.

19

Brain imaging via HP

129

Xe

has also been pursued; some benefits include increased contrast, oxygenationlevel sensing, and blood-perfusion and solubility studies.

142,196

87
CHAPTER 6
RESEARCH OUTLINE

6.1 INTRODUCTION

This chapter will provide an overview of my dissertation research that is
presented in Chapters 7-11 in this work. More specifically, this chapter will
attempt to set up the evolution of the presented research, and how these studies
relate to the long-term goals of the Goodson laboratory.

6.2 GOALS AND INITIATIVES OF THIS DISSERTAION RESEARCH
The principal goals of the Goodson laboratory have been to ‘amplify’ the
NMR signatures of weak interactions between molecules of interest (such as
cryptophane and zinc myoglobin) and corresponding ligands (primarily

129

Xe)

aligned in liquid-crystalline media. The objective is to combine the optical
enhancement of xenon nuclear spin polarization and the restoration of ‘hostligand’ dipolar couplings (using liquid crystals) to allow a portion of the high
magnetization of the hyperpolarized xenon to be transferred to the molecule of
interest (thus ‘amplifying’ its NMR signature). My initial goal in this research plan
was to provide an adequate amount of highly polarized xenon to ensure the
feasibility of the NMR experiments of interest and to assist in the MR application
studies (primarily of xenon binding to zinc myoglobin); during the course of this
work, a significant portion of the research branched into a study of the
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fundamental aspects of spin-exchange optical pumping using frequencynarrowed light sources under a variety of experimental parameters.

6.3 PRIMARY RESEARCH OF THIS DISSERTATION
One can divide the optical pumping community (or more specifically, the
research initiatives of the various OP groups) into three main branches: those
who study SEOP towards the goal of understanding the fundamental physics of
the system, those who study SEOP to try to find ways to improve it through the
development of new approaches and technologies, and those who use SEOP
only to produce hyperpolarized noble gases for a variety of magnetic resonance
applications. My research time in the Goodson laboratory has covered all three
facets of optical pumping: studies of fundamental SEOP parameters, optimizing
the SEOP apparatus to achieve very high xenon nuclear spin polarizations at
high xenon densities (using frequency-narrowed laser sources and in situ
polarimetry), and then using that high level of magnetization for MR application
studies (i.e., characterization of xenon in bicelles197, proteins198, and inclusion
complexes; polarization transfer techniques such as SPINOE154, etc.).
My time in the Goodson laboratory began with assisting in the final stages
of constructing the SEOP apparatus, as well as developing the experimental
protocol used for PXe production (Chapter 7). The introduction of frequencynarrowed light sources is discussed in Chapter 8, along with the observation of
an unexpected dependence of PXe on the in-cell xenon density. Chapter 9 details
an anomalous interdependence between the optimal cell temperature for
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achieving peak PXe values and the in-cell xenon density (found using in situ lowfield NMR polarimetry); studies of PXe buildup curves indicate that this
temperature dependence is not due to changes to the HP

129

Xe relaxation rate,

but rather should be attributed to some other aspect of the optical pumping
process (such as alkali-metal polarization or spin-exchange rate). Chapter 10
details our use of high-power VHG-LDAs that are spectrally tunable
(independent of laser power); this new laser technology allows the observation of
changes to the Rb D1 lineshape and spectral offset under conditions of high incell xenon density. PXe dynamics studies also show unexplained changes to the
Rb-129Xe spin-exchange efficiency as a function of excitation wavelength. Finally,
Chapter 11 introduces our preliminary results using cesium (instead of rubidium)
as the alkali-metal for SEOP; Cs OP demonstrates (at both high and low
magnetic fields) the capacity to surpass Rb OP, especially under conditions of
high [Xe]cell.

6.4 SIGNIFCANCE OF THIS DISSERTATION RESEARCH
54

Although the field of SEOP has been widely studied throughout the years ,
the results presented in this dissertation highlight the use of high power VHGLDAs, a laser technology that has not been commonly used for SEOP until very
recently.129 As such, the work presented here represents one of the few
comprehensive studies of SEOP using VHG-LDAs and high [Xe]cell’s, and serves
as a platform to further build on. Many of the results detail unexpected
dependencies of the xenon density on a collection of experimental parameters,
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such as Tcell, laser flux, spectral offset, etc., which are not commonly found in the
literature. Also, the preliminary studies of Cs/

129

Xe SEOP represent the only time

that the predicted superiority of Cs over Rb has actually been demonstrated in
an even comparison at elevated laser fluxes and high [Xe]cell.
The resulting work in this dissertation is immediately relevant to the goals of
the Goodson laboratory by demonstrating the ability to produce high quantities of
highly spin-polarized xenon using batch-mode SEOP. This has allowed NMR
studies that characterize the dissolution of xenon in a variety of molecules of
interest197,199; it has also facilitated our attempts at polarization transfer
techniques, such as SPINOE.154 Indeed, the results presented in this dissertation
have even sparked an acute interest in developing a batch-mode SEOP
apparatus that would be used for human lung imaging (amongst other
applications); unlike the presently used continuous-flow polarizers, this
apparatus would polarize single batches of high-density xenon to a sufficient
extent (≥ 20%) to enable lung imaging. This modular technique would be simpler
and much cheaper than current flow-through polarizers, and may provide
academics with a viable alternative to expensive continuous-flow set-ups, without
having to make their own SEOP apparatus from scratch.
Having improved xenon nuclear spin polarization methodologies should
benefit the development of xenon-functionalized molecular biosensors172, low(or, possibly Earth’s-) field MR spectroscopy and imaging179, remote detection of
polarized spins182, in-vivo void-space and tissue imaging188, and a number of
other MR applications that will benefit from larger quantities of highly spin-
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polarized xenon.

19

Indeed, large amounts of HP

129

Xe can improve existing

NMR/MRI applications, as well as enable new studies that may not be otherwise
possible.
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CHAPTER 7
SEOP APPARATUS DESCRIPTION AND BASIC EXPERIMENTAL
PARAMETERS

7.1 INTRODUCTION

The purpose of this chapter is to detail the particulars of the specific SEOP
apparatus used for the experiments described in this dissertation. As noted in
Chapter 3, there are many different types of SEOP apparatuses, and for each
type, numerous variations are possible. This chapter will describe the SEOP
apparatus as it was initially constructed; any additional instrumentations or
techniques (i.e., low-field NMR polarimeter, various laser sources, retroreflection, etc.) will be discussed in the flow of the text during subsequent
chapters. Also addressed in this chapter are a ‘run-through’ of a typical SEOP
experiment and the method used to determine the polarization level of the
optically-pumped xenon.

7.2 SEOP APPARATUS & EXPERIMENTAL PROCESSION
The optical pumping apparatus used for the experiments that are detailed in
this dissertation includes aspects of different literature designs

57,58,81,106,200

; the

apparatus64 (Fig 7.1) is modular and relatively inexpensive, and can be operated
in either batch105 or “stopped-flow”58,106 modes.
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The SEOP apparatus is centered around a (Rosen-designed ) Pyrex
optical pumping cell; this ‘cell within a cell’ construction consists of a ~75 cc inner
cell (which contains the gas mixture) surrounded by an outer jacketing cell
(through which hot air is blown, allowing it to function as the oven). The inner cell
has two valves (an ‘inlet’ for gas loading and an ‘outlet’ for evacuation) that are
controlled by Teflon stopcocks with viton o-rings (alternatively, glass stopcocks
can also be used). Initially, the OP cell is cleaned through an overnight
submersion in a base bath (saturated KOH solution), followed by distilled water

Fig. 7.1. SEOP apparatus schematic.

64
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and methanol rinses, ~30-45 minutes of sonication in a methanol bath, and a
final methanol rinse.
After allowing to dry, the inside surfaces of the inner cell are coated with a
~1:5 solution of Surfacil (Pierce) and hexanes; typically, 2 or 3 coating cycles
(wash with pure hexanes—coat with Surfacil/hexane solution—wash again) are
completed. After a final methanol rinse, the cell is allowed to dry overnight. This
cleaning procedure is only done after reacting away the ‘old’ alkali metal (in tertbutanol, with a small amount of added methanol) and before loading with fresh
alkali metal.
After evacuating the cell, the alkali metal is loaded in an inert-atmosphere
(N2) glovebox using a pipetting method, where the alkali metal is liquefied
(through heating) and a small amount (~0.2 g) is pipetted into the OP cell (and
then quickly re-solidifies). Alkali-metal loadings are only performed as needed; a
‘good’ loading may last for over six months (depending on the rate of introduction
of impurities to the system, typically through loading the gas mixture into the
cell). The OP cell is then placed in its holders and attached to the vacuum/gas
handling manifold, and then evacuated (~8 x 10-6 torr) with a diffusion pump. The
alkali metal is distributed via cycles of heating, cooling, and evacuation (as
dissolved gases, mostly nitrogen, will slowly outgas from the alkali metal). The
alkali metal is eventually coated as a thin film throughout the inner cell (through
differential heating of the front and back of the cell); a mostly complete and
homogenous coverage is preferred (while keeping the optical windows free of
alkali metal). Finally, the cell is aligned to the laser beam (which itself is aligned
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to the central axis of the Helmholtz coil pair). The majority of the experiments
used a circular polarizer (CP) box (Coherent) with two beams; the cell is aligned
to the ‘on-axis’ beam.
The OP cell resides inside of a Helmholtz coil (HC) pair (22” inner diameter;
Walker Magnetics), with a typical applied magnetic field of ~32 gauss. High purity
xenon (natural abundance) and nitrogen are loaded through a (home-made)
stainless steel gas handling manifold; the gases pass through oxygen scrubbers
(LabClear) prior to entering the cell. The xenon/nitrogen ratio can be easily
varied (the ‘lower-density’ gas is loaded first, with the ‘higher-density’ gas
backloaded on top of the existing gas); most typical loadings total ~2000 torr of
overall gas pressure inside the OP cell. Nominally, the ratio is 300 torr Xe and
64
1700 torr N2; the nitrogen is added to quench Rb fluorescence and pressure-

broaden the alkali metal absorption line.50 Helium can be used as a second
buffer gas (many groups use only a small amount of N2 and mostly He)57;
however, we have experienced great difficulties in using helium as a buffer gas.
This problem is most likely due to contamination from poor quality He cylinders;
with the exception of a few specific runs, most of the results presented in the
subsequent chapters used binary Xe/N2 gas loading mixtures.
A number of laser sources were used during the course of this work, and
will be explained in greater detail throughout the following chapters. Briefly, a
laser diode array, which is controlled by a power supply unit (where changing the
driving amperage changes the laser output) and cooled by either a
thermoelectric cooling plate (which can be controlled electronically) or a water-
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chiller plate (controlled by changing the temperature of a recirculating water
chiller) is used for SEOP. The laser fiber-couples (typically through a 1 m fiber;
ranged from 30 cm to ~2 m) into a circular polarizer optics box (Fig 7.2), which
typically consists of a collimator, prism, and quarter-wave optics.
The laser output is generally a mixture of two different light polarizations
(whose propagation planes are perpendicular to each other); the prism separates
the two polarizations into two separate beams (one ‘straight’, one ‘skew’). While
often in equal ratios, it was found that by gently manipulating the fiber optic (by
stretching and/or bending), the ratio could be improved to as much as 85/15 (in
o
favor of the ‘straight’ beam). The skew beam is angled by ~10 off-axis, and is

both more difficult to align and may not be as efficient at optical pumping (due to
its off-axis incidence on the cell). Once separated, each beam passes through its
own quarter-wave plate (thus circularly-polarizing the light) and is directed at the
OP cell (positioned ~30 inches away).

Fig. 7.2. Laser arrangement. VHG-LDA (Comet)
sits atop TEC plate and heat sink, and fibercouples into CP box.111

97
Once the laser has been turned on to its operational settings, the spectral
profile can be monitored by a small IR spectrometer (Ocean Optics HR2000+)
that is fiber-coupled to a small pinhole drilled in the backstop directly behind the
OP cell. The laser output can be measured by optical power meters; typically,
the output from the CP box is measured (one beam at a time) to determine if the
laser is performing as it should. Alternatively, the output from the bare fiber can
also be measured (as laser power losses due to the optical fiber and CP box
total ~15%). Beam alignment can be monitored with an IR-viewing scope or IRactive card (only at low laser powers); it is imperative to wear proper eye safety
goggles at all times and keep objects out of the beam path.
Compressed air is forced through a small, home-made furnace (heating
wire wrap inside of a thick glass cylinder, controlled by changing the output on a
Variac), then into the outer jacket of the OP cell; this serves to vaporize the alkali
metal. The cell exhaust temperature is measured with a digital thermometer;
alternatively, a small thermocouple can be placed on the outer glass surface of
o

the inner cell (the difference between these two methods is ~14 C for our
arrangement). The temperature of the cell is mostly controlled by changing the
output of the Variac; however, large amounts of laser power can also have a
strong effect on the cell temperature. Once the cell has reached its operational
temperature (~60 - 120 oC), optical pumping is allowed to progress for ~5-20
minutes. Following this time period, the Variac is turned off and the cell is
allowed to cool (~5 min); alternatively, some additional protocol for cooling the
cell more quickly can also be implemented (to combat in-cell HP 129Xe T1).
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Once the cell has cooled (to ~30 C), the contents are collected by one of
two methods. In the first method, the contents are simply expanded into a preevacuated volume, and further expanded into a stopcocked NMR tube (also preevacuated and coated with Surfacil). Alternatively, the contents can be pumped
through a glass spiral condenser coil (Fig 7.3) that is submerged in liquid N2,
allowing the xenon to be captured and the buffer gas to be pumped away. The
high polarization of the frozen xenon is maintained

143,200

by a pair of ~1 T,

4”x4”x1” rare-earth magnets (Indigo Instruments) that produce a magnetic field of
≥1500 G throughout the storage region. Virtually all (±5%) of the xenon is

captured by the condenser; similarly, the strong field143, combined with the
avoidance of “warm solid xenon” (129Xe T1 is ≤10 s near the triple point)200,
minimizes polarization losses during freezing/sublimation to about 20-25%. For

Fig. 7.3. Condenser coil for xenon freeze-out; coil
sits between two large permanent magnets held in an
aluminum holder. Magnetic field in storage region
>1500 G.64
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use in ‘stop-flow’ mode, the liquid nitrogen dewar is incrementally raised up the
length of the condenser coil as additional SEOP runs (and additional HP

129

Xe

collections) are performed; in practice, we have cumulatively frozen a total of
three batches before transferring to an NMR sample. The solid xenon is quickly
sublimated by rapid immersion in warm water; the gaseous xenon can then be
expanded into a stopcocked NMR tube and transferred to the high-field magnet.
The efficient design allows for the cost-effective use of isotopically enriched
129

Xe, and multiple OP cycles can be used to prepare larger HP 129Xe

quantities.
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7.3 CALCULATION OF XENON POLARIZATION
In order to determine if the SEOP run can be deemed successful (i.e.,
sufficient PXe is collected to allow for a particular MR application to be
attempted), the absolute 129Xe nuclear spin polarization must first be determined.
High-field 129Xe NMR spectra were recorded at 9.4 T (110.6 MHz) using a Varian
Inova spectrometer. Hyperpolarized 129Xe spectra were obtained with a single 1
µs rf pulse (α ≈ 6.7°); corresponding thermally polarized

129

Xe signals were

obtained from the same sample following careful addition of sufficient O2 gas to
reduce the 129Xe T1 (to a few seconds) to permit efficient signal averaging (α =
90°; typical recycle delay = 20 s). The number of scans required for a thermal
acquisition varied with xenon density (higher xenon density → fewer scans
needed); under nominal conditions (300 torr Xe loaded into OP cell), about 2000
scans are acquired (requiring ~11.5 hours of spectrometer time).
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The resulting

129

Xe NMR spectra were analyzed using Mestre-C, a common

NMR processing software. The NMR peaks were integrated (with the integration
area chosen manually); a total of five separate integrations per peak were
averaged together to achieve the final peak integral value (standard deviation of
each set of five measurements was used as the error). The PXe signal
enhancement is calculated using the following equation:
 I
PXe ( enhancemen t ) =  HP
 I TH

 sin α TH   N TH  
 ⋅ 
  ,
⋅ 
 sin α HP   N HP  

(7.1)

where IHP and ITH are the integrals of the hyperpolarized and thermal NMR
peaks, respectively, α is the tipping angle of the rf detection pulses, and N is the
number of scans (NHP is typically 1); it is generally assumed that all other
experimental parameters (e.g., gain) are kept constant between the HP and
thermal experiments.
Once the PXe enhancement level is calculated (generally between a few
thousand and tens of thousands), the absolute xenon nuclear spin polarization
can be determined by multiplying the nuclear spin polarization at thermal
equilibrium (i.e., Eq. 1.4) with the determined PXe enhancement (Eq. 7.1); under
our conditions, this turns out to be ~9.02 x 10-6 multiplied by the PXe
enhancement value. PXe values generally ranged from a few percent to several
tens of percent. Figure 7.4 demonstrates a typical comparison of a HP 129Xe
peak (single scan; small tipping angle pulse) with a thermal 129Xe experiment
(2000 scans averaged; 90o pulses), corresponding to a PXe enhancement of
~19,000.
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Fig. 7.4. Normalized NMR signal at 9.4 T (110.6 MHz) from ~600 torr HP
xenon (left, 1 scan; α=6.7o) & corresponding thermal data (right, 2000
scans averaged; α=90o), taken after careful O2 addition.111
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CHAPTER 8
IMPLEMENTATION OF FREQUENCY-NARROWED VHG-LDAS FOR RB/

129

XE

SEOP

8.1 INTRODUCTION

Spin-exchange optical pumping has been shown capable of generating high
nuclear spin polarizations in noble gases54 for a variety of NMR/MRI19,91 and
fundamental physics

97

applications. While a number of different light

sources19,54,57,58,65,81,91,97,106,107,118,201 have been used to prepare hyperpolarized
129

Xe (along with other noble gases) via SEOP, laser-diode arrays have become

increasingly popular due to their high photon flux, low costs, and operational
simplicity. However, one key drawback of conventional LDAs is the poor quality
of the emitted light—particularly the breadth of their spectral output (~2-3 nm)
compared to the relatively narrow atomic absorption lines. The resulting low
absorption efficiency may necessitate high incident laser powers (up to hundreds
of Watts), thus presenting thermal-management problems. Additionally, while
this low absorption efficiency can be partially mitigated by collision-broadening of
the alkali spectral line57,114, this practice brings on its own complications. To
combat these problems, two methods have been developed to further constrict
the LDA wavelength range: external cavity narrowing120,127,128, and more
recently—volume holographic grating (VHG) narrowing.129
The remainder of this chapter reports our preliminary investigations of the
use of VHG-narrowed LDAs to prepare HP 129Xe. It begins with implementing
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and characterizing the output from the first VHG-LDA in our lab, while comparing
it to the previous broadband LDA used for SEOP. The narrowed laser emission
also allowed for in situ monitoring of the PRb levels during SEOP through
changes to the transmitted laser intensity upon cycling the applied magnetic
field. The chapter ends with the addition of a second, higher power VHG-LDA
that was used to demonstrate an unexpected dependence of PXe on [Xe]cell.

8.2 CHARACTERIZATION OF LASER OUTPUT14,59,111
The first VHG-LDA used in the Goodson Lab will be referred to as the
‘Comet’; the Comet is a single-bar (SB) laser module that was an engineering
prototype from Spectra-Physics/Newport. The Comet was mounted to the same
TEC / heat sink that was occupied by our original (‘standard’) broadband laser (a
40 W Coherent FAP-B), was driven with the same 65 amp diode and
thermoelectric cooling drivers (Newport), and fiber coupled into the same CP
optics box. In order to focus the 19 frequency-locked laser elements into a
single-core 200 µm silica-clad optical fiber, the Comet employs additional slowaxis collimation (SAC) and achromatic lenses after the VHG (1.5 mm thick).
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The Comet’s spectral profile is narrowed by nearly an order of magnitude
(Fig. 8.1) compared to that of the standard LDA, while providing nearly the
same incident laser power (the Comet yields a lower watt-to-amp ratio than the
standard LDA, but can be driven to higher currents). This increase in resonant
laser power dramatically increases the efficiency of the light absorption, as less
laser flux is wasted due to being too far off-resonance to be absorbed. In
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Fig. 8.1. Normalized spectral output of a standard
fiber-coupled LDA (black, dashed) and (single-bar)
VHG-narrowed Comet (red, solid).59
addition to the increased line-narrowing, the Comet also benefits from a ‘clean’
spectral profile (Fig. 8.1).
The 1 m optical fibers used with both the Comet and the standard LDA
maintain much of their original linear polarizations; this ‘memory’ of the LDAs’
polarizations affects the power ratio of the two side-by-side circularly-polarized
beams emitted from the CP box—causing the ratio of the beam intensities to be
sensitive to the strain on the fiber. For the standard LDA and the Comet, the
nominal beam intensity ratios (straight vs. angled) emitted from the CP box were
~72:28 and ~80:20, respectively.
While spectral tuning of conventional LDAs may be achieved by varying the
LDA temperature (~0.3 nm / °C), tuning VHG-narrowed LDAs is a non-trivial
function of LDA and VHG temperatures (as discussed in Sec. 4.3). For example,
increased driving current for the Comet (Fig. 8.2) provides greater laser flux in
addition to red-shifting of the centroid towards the Rb D1 center (~0.02 nm/amp,
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with operational range of ~0.3 nm); the spectral linewidth also broadens with
increased driving current. Increases to the LDA temperature (at constant driving
current) also result in red-shifting and line-broadening (not shown).

Fig. 8.2. Spectral output of the Comet as a function of laser diode
driving current, showing the lineshape broadening and red-shifting (∆λ
~0.3 nm) of the centroid as the laser power increases. FWHM
examples: at 40 A: ~0.24 nm; 52 A: ~0.27 nm; 62 A: ~0.33 nm. Rb D1
at 794.76 nm (air referenced) is included for comparison.59

When using the Comet for SEOP, the maximum PXe values are achieved
with a driving current of 52 A—corresponding to an incident power, FWHM, and
Rb D1 offset of ~27 W, ~0.27 nm, and ~(-)0.1 nm, respectively. The amount of
pressure-broadening (Rb D1 ~0.1 nm FWHM)114 present under these conditions
appears sufficient for effective absorption of the frequency-narrowed light, as the
laser profile is absorbed quasi-homogeneously by the Rb vapor despite the slight
blue-shift of optimal laser conditions. This is opposed to conventional broadband
LDAs, where the Rb absorption line is typically ‘hole-burned’ into the broad,
uneven spectral profile—even under conditions of high pressure broadening and
high Rb vapor densities. The optimal driving current for the Comet also provides
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the highest peak intensity (watts versus spectral linewidth; Fig 8.2); however, it
does not give the highest integrated power or the highest intensity at the Rb D1.
Indeed, higher driving currents yield increased laser flux, as well as red-shifting
of the centroid toward the D1 center—but result in reduced PXe values when
closer to the true Rb D1 resonance (it is generally expected that the highest PXe
values are achieved when the laser is tuned exactly on resonance).

8.3 COMPARISON OF VHG-LDA WITH PREVIOUS BROADBAND LDA59,64,111
Upon switching from the standard LDA to the Comet, we observed a nearly
three-fold (watt-for-watt) improvement in PXe (Fig. 8.3). The dependences of PXe
on Tcell are similar for the two lasers (with and without VHG-narrowing), and the
Comet peaked at a temperature ~10 °C lower than that of the standard LDA.
The relatively mild optimal cell temperature, combined with the unexpected D1
offset preference and the modest fraction of laser light absorbed during optimal
conditions (less than half of incident light absorbed for optimal OP) are
consistent with the OP being laser-power-limited—despite the high resonant
laser power. Nevertheless, increasing the Comet’s driving current to provide
greater incident laser flux and improved D1 resonance yielded markedly
decreased PXe values across the entire temperature range (Fig. 8.3).
This seems to indicate that uniform cell illumination may be more important
than total laser power for SEOP (at least under these conditions). In later
experiments using the Comet, further OP optimization (i.e., improved cell
preparation/laser alignment) provided routine PXe values of ~15-17% and ~21-
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Fig. 8.3. PXe values obtained with Comet (52 A, ~27 W: dotted red circles;
61 A, ~32 W: dashed red triangles) and a standard LDA (47 A, ~33 W: solid
black squares, from Ref.64) as a function of Tcell (inner-cell surface
temperature; [Xe]cell=300 torr). TOPT appears to be slightly lower for the
Comet (vertical lines). The data’s asymmetry about TOPT is an artifact
resulting from higher-Tcell OP runs transiting through more-optimal Tcell’s
during cell cool-down. Inset: Comet’s spectral output profiles at 52 A (black
dotted) & 60 A (red dashed), indicating that the improved PXe observed in
the main figure occurs when the laser is tuned slightly from the Rb D1 line.59
24% (with and without cryo-collection; [Xe]cell=300 torr), consistent with ~75% of
PXe surviving the cryo-collection and transfer processes64.

8.4 MONITORING PRB IN SITU 59,111
The narrow, clean lineshape of the Comet allows small changes in the
amount of laser light transmitted through the cell to be recorded when the
external magnetic field (B0) is cycled (Fig. 8.4a)—thereby potentially providing an
in situ measurement of PRb. This effect is due to ‘bleaching’ of the Rb D1 line
from efficient depletion pumping of the ground-state magnetic sublevels; this
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phenomenon has been previously measured using high-resolution lasers
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, but

would be extremely difficult to monitor with conventional broadband LDAs (and,
to our knowledge, has not been reported previously).
This observed effect arises from the following (Fig. 8.4b): the first step of
the OP process—whereby the Rb electrons become spin-polarized—leaves a
smaller concentration of Rb atoms in the laser-absorbing mJ state (neglecting Rb

Fig. 8.4. (a) Near-IR spectra of Comet’s output (mathematically smoothed
for clarity) transmitted through the cell near optimal OP conditions
(compared with that obtained with a cold cell; black dotted line), showing the
effect of magnetic field cycling (with B0 off: red solid line; with B0 on: green
dashed line). The integrated differences in the transmitted spectra
generated with such field cycling were used to provide the estimates of
59
〈PRb〉. (b) Schematic demonstrating 'bleaching' effect of transmitted laser
beam at Rb D1 line when external field (B0) is cycled.111
nuclear spin sublevels). In turn, this population reduction allows slightly more
laser light to be transmitted through the cell (as there are less Rb atoms in the
‘light absorbing’ state) and allows PRb to be estimated from the difference in the
transmitted laser spectra (compared to when B0 is turned off). In the absence of
B0, the mj splitting is much smaller, leading to inefficient depletion pumping (and
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more Rb atoms in the ‘light-absorbing’ state, thus the transmitted laser beam
becomes more attenuated).
The spectral profile of the laser light transmitted through the cell was
observed using a near-IR spectrometer via a pinhole (drilled into the optical
backstop) behind the OP cell. Changes in these spectral profiles that are caused
by cycling B0 can be integrated to estimate the average Rb polarization along the
central axis of the OP cell (or, 〈PRb〉) using a simplistic model. While previous
works202-204 have studied the measurement of PRb via optical transmission
methods, the experimental conditions for the work presented here are sufficiently
different so as to warrant an alternate approach (and corresponding set of
assumptions). Here we assume the following: a near absence of any significant
population of electronically excited Rb*; ≈100% circularly-polarized light; a
constant total Rb number density across the OP cell (NT); and that PRb≈0 when
B0 is turned off.54
Adapted from Beer’s Law;

I
A = − ln T = − ln hot
 I cold


 ,


(8.1)

where A is the absorbance, T is the transmittance, and Ihot & Icold are the
integrated intensities of the transmitted laser spectra obtained when a (relevant
OP gas mixture-loaded) cell is respectively ‘hot’ and ‘cold’ (i.e., with and without
Rb vapor present). Because only Rb atoms in one of the two ground-state
magnetic sublevels can act as absorbers (say mJ =+1/2 with σ- light), A is
denoted by:
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A = σ (λ )l N + ,

(8.2)

where σ(λ) is the (wavelength-dependent) absorption cross-section for the Rb
vapor, l is the path length of the cell, and 〈N+〉 is the number density of Rb atoms
in the mj = +1/2 spin state (averaged along the z-axis of the cell). Next,
PRb =

N+ − N−
NT

,

(8.3)

where NT = 〈N+〉 + 〈N-〉. Since 〈PRb〉 ≈ 0 when B0 = 0, 〈N+〉 under these conditions is
+
given by: 〈N 0〉 ≈ 0.5*NT. The terms σ(λ) and l cancel when A is divided by A0 (the

absorbance when B0 = 0) to give (A/A0) = 2〈N+〉/NT. Eq. 8.3 can be rearranged
and combined with the relationship for (A/A0) to give:
PRb =

A
−1,
A0

(8.4)

where the absolute value is required because the differential absorbance will be
insensitive to the light helicity.
PRb at each position within the cell will quickly reach steady state (in a
matter of milliseconds) with the resonant laser flux; because the illumination
decreases not only along z (the long axis of the cell) but radially outward from
this central axis as well, PRb will generally be a function of both z and r (or,
PRb(z,r)). Because the transmitted light is sampled through a pinhole directly
behind the cell, the values of PRb determined via this method are actually zaveraged measurements of PRb for r ≈ 0; thus, this 〈PRb〉 value is expected to
overestimate the ‘global’ PRb average (as PRb is expected to be highest along the
cell’s z-axis, falling off towards the cell’s walls), especially under conditions of
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highly non-uniform illumination (or, high absorbance conditions). Separately, this
method would underestimate PRb if a (sufficiently strong) residual B0 persisted
when the HC pair was turned off.
Using this simplistic model, we were able to estimate 〈PRb〉 values during
SEOP runs that varied the driving current (thus, spectral offset and laser power)
of the Comet. Despite some run-to-run variability, these results (Fig. 8.5) may

Fig. 8.5 PXe (blue circles), 〈PRb(z)〉 (black squares; estimated via changes in
laser transmission during B0 cycling) as functions of Comet driver current (& Rb
D1 offset), plotted against the laser transmittance at the cell’s center (red open
circles); the lines are to guide the eye.59 Approximate D1 offset values are at the
top; [Xe]cell= 300 torr, Tcell=100 °C (the Rb D1 linewidth and shifting should be
~0.1 nm and ~(+)0.04 nm, respectively due to gas density/compostion).114
help explain the observed dependence of PXe on the Rb D1 offset. When the
Comet is tuned far from D1 (e.g., with an LDA current of ~48-50 A), PXe tracks
〈PRb〉 and both are relatively low (while the laser transmittance is high). However,

when the laser approaches resonance to the Rb D1 (~58-60 A), 〈PRb〉 along the
cell’s center axis is high, but global PXe is relatively low; here the low laser
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transmittance at the cell’s center directly implies even poorer illumination within a
significant portion of the cell’s rear and outer regions. Indeed, PXe is greatest with
an intermediate D1 offset where both 〈PRb〉 and the transmittance are still
relatively high—consistent with optimal PXe requiring a balance between efficient
laser absorption and global cell illumination sufficient to minimize xenon
depolarization from ‘dark’ Rb in those regions.

8.5 DUAL-BAR VHG-LDA CHARACTERISTICS 14,59
To further study the effects of incident laser power and spectral offset on
PXe, a second VHG-narrowed LDA was introduced. The ‘Integra’ is a dual-bar,
turn-key laser system that was loaned to the Goodson lab from SpectraPhysics/Newport. The Integra combines two VHG-LDA modules (each one
similar to the Comet), but with simplified optical arrangements: Instead of using
fast-axis and slow-axis collimating lenses (FAC & SAC, respectively; used to
collimate the quickly diverging beam that is inherent to diode lasers), individual
optical fibers (400 µm) are brought within ~600 µm of each laser element (giving
19 fibers per module). This close proximity ensures that each diverging fast-axis
beam is launched into its fiber, but requires that each module’s VHG (placed
between the LDA elements and the fibers) has to be thin (500 µm)—this results
in somewhat reduced spectral narrowing and lineshape quality (Fig. 8.6).
Obtaining the optimal spectral output from the Integra required overdriving the
current (~104.6%), giving nearly twice the power of the Comet—albeit with nearly
twice the spectral width. Also, due to the Integra’s design, the best ‘beam ratio’
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achieved (regarding the CP box) was ~55:45, as fiber manipulation had minimal
impact on polarization preservation.

Fig. 8.6 Normalized output of a standard fiber-coupled LDA (black, dashed),
Comet (red, solid), and Integra (green, dotted). Conditions: Standard LDA &
Comet—same as Fig. 8.1. Integra: ~55 W (at 96 A), ∆λFWHM=0.49 nm.59

The output for the Integra red-shifts with increased current (similar to the
Comet), but at a reduced rate (~0.006 nm/amp, as a consequence of its design
differences). At 94 A (i.e., 47 A/diode, 100% current, 51.6 W at cell) the centroid
is ~(-)0.18 nm from the Rb D1 (‘blue’ side) with a diode temperature of 25 °C,
and ~0.09 nm from D1 at 35 °C (these are the nominal Integra laser conditions
for OP results presented here). Generally the Integra’s linewidth varies between
~0.4-0.6 nm FWHM. The Integra also suffered from some amount of spurious,
‘unlocked’ output at lower driving currents; Figure 8.7 demonstrates the (quite
low) tunability of the Integra.
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The very similar Rb D1 offsets for the Comet and Integra under nominal
conditions (~0.11 and ~0.09 nm, respectively) enabled their performance for
SEOP to be compared. To allow a more direct comparison, the optical fiber for
the Comet was carefully strained until the beam ratio exiting the CP box was
reduced to that of the Integra. The HP

129

Xe NMR spectra obtained at 9.4 T

indicated PXe enhancement factors of ~8,800 (PXe~7.8%) and ~16,000
(PXe~14.3%) for the Comet and Integra, respectively. Although the Comet has a
narrower spectral output, this advantage translated into only a small W-for-W PXe
benefit; thus at least under the given conditions, the Integra’s output was
sufficiently narrow to allow its higher total power to be exploited for improved HP
129

Xe production.

Fig. 8.7 Integra’s spectral output as a function of driving current (37.5 W: black;
44.5 W: red; 51.6 W: green). Lineshape improves (and slightly red-shifts) with
increased driving current. Inset: Close-up of Integra’s laser output near the Rb
D1 line. Reduced lineshape quality, with the presence of additional features
away from the main line, indicates incomplete VHG locking at low driving
currents. Such features were not minimized until the Integra was over-driven at
~104.6% current (96 A, 54.5 W at cell; not shown).14
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8.6 XENON DENSITY ANOMALY
PXe is generally expected

58,63,66,106

to decrease smoothly and dramatically

upon increased [Xe]cell, as the xenon polarization becomes ‘capped’ by
corresponding reductions in PRb levels (due to the strong contribution to the Rb
spin-destruction rate from increased Rb/Xe collisions).

53,54

Thus, the majority of

SEOP setups typically employ relatively low running Xe partial pressures (~1-70
torr) in order to achieve high (>10%) PXe values; this potentially limits many
applications that simultaneously require both high Xe densities/amounts and high
PXe values.
The minimal change in spectral profile upon increasing the driving current of
the Integra was exploited to examine the dependence of PXe on laser flux
(without changing the spectral offset) at different Xe partial pressures. While the

Fig. 8.8 PXe vs. [Xe]cell (variable Xe partial pressure; constant total cell
pressure of 2000 torr, backfilled with N2) at various Integra laser powers
(55 W: black squares; 43 W: red circles; 29 W: green triangles). Inset:
Same data, but with PXe plotted as a function of laser power for different
Xe loadings; data points are fitted to lines (forced through zero). 50 torr:
black squares; 150 torr: red circles; 300 torr: green triangles; 500 torr:
blue inverted triangles.59
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experiment was (originally) geared to examining the dependence of PXe on laser
flux, a more interesting dependence of PXe on [Xe]cell was observed. Initially, we
expected to see the relationship described above: high PXe at low [Xe]cell,
dropping precipitously upon increased [Xe]cell. Instead, we have reproducibly
observed a quite different trend (Fig. 8.8), wherein PXe initially rises with
increasing [Xe]cell, peaks (at ~300 torr Xe), and then falls off but remains
uncharacteristically high (>10%)—even at ~1000 torr Xe—to give among the
highest PXe values at such high [Xe]cell (as reported at the time).
A similar qualitative trend was also observed in an initial study using the
Comet111, and the effect does not appear to be an artifact of cell contamination
or variances in the Xe collection efficiency (following OP). Additionally, laser
energy-dependent mechanisms (such as those involving highly elevated internal
temperatures of the N2 buffer gas)112 may affect the OP process, but do not
appear to cause the observed dependence of [Xe]cell on PXe given that similar
trend lines are observed at various incident laser powers. Indeed, the data
shows the potential utility of additional laser flux, as PXe rises almost linearly with
power (except at low [Xe]cell—Fig. 8.8 inset). While this dependence of PXe on
[Xe]cell is contrary to what is typically expected, it can be utilized to provide large
quantities of highly polarized 129Xe using batch-mode SEOP; these large
amounts of highly spin-polarized 129Xe can be used for a variety of MR
applications, including material surface studies and human lung imaging.
Separately, we observed (using the spectrally-narrowed output from the
Comet) that it was also possible to utilize the violet emission (6P→5S) from Rb*-
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Rb* energy-pooling processes

64

as a sensitive in situ indicator of laser detuning

from the Rb D1 line (when observing the cell under conditions that are nonoptimal for SEOP—i.e., low [N2]cell conditions). Somewhat surprisingly, the
wavelengths and relative intensities of the Rb lines were more sensitive than
expected
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to buffer gas composition—observations that will be further pursued

and reported in greater detail elsewhere.

8.7 CONCLUSIONS
The work presented thus far has demonstrated the utility of high power,
frequency-narrowed laser sources for fundamental SEOP studies, as well as for
producing highly spin-polarized noble gases for NMR/MRI applications. A ~3-fold
(watt-for-watt) increase in PXe was observed upon switching to the Comet from a
conventional broadband LDA. Changes to the transmitted laser spectra upon B0
cycling provided an in situ estimate of the rubidium electron spin polarization,
which seemed to increase as the Comet was tuned closer to resonance.
However, a slight (blue-shifted) spectral offset was shown to benefit PXe values;
despite the fact that ‘on-resonance’ optical pumping provided higher laser power
(and PRb estimates), lower PXe values were observed. This finding, along with the
large amounts of light that transmit through the cell (>50%; due to low TOPT)
under ideal conditions demonstrates the necessity of optimal cell illumination for
high-quality SEOP. These signs also seem to point to the need for even higher
powered frequency-narrowed light sources. While the origins of the anomalous
dependence of PXe on [Xe]cell are not immediately evident, the results can be
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exploited for numerous MR applications that require large amounts of highly
polarized

129

Xe.
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CHAPTER 9
INTERDEPENDENCE OF IN-CELL XENON DENSITY AND TEMPERATURE
FOR RB/

129

XE SEOP

9.1 INTRODUCTION

Assuming a Rb/

129

Xe SEOP system, the highest

129

Xe nuclear spin

polarization values that are achievable typically require very low in-cell xenon
partial pressures during SEOP, as [Xe]cell is the primary limiter of rubidium
electron spin polarization levels due to increased Rb-Xe collisions / spindestruction mechanisms

58,63,81

(see Eq. 2.7). Also, it is generally expected that, at
53

high xenon densities (i.e., [Xe]cell more than a few hundred torr) , the three-body
spin-exchange pathway becomes progressively less influential, and most
Rb/129Xe spin-exchange results from binary collisions only (which are less
efficient at transferring spin polarization due to their transient nature).
Because of this interplay, increases in [Xe]cell are directly compensated for
by corresponding losses in PXe, resulting in a flat (or worse) dependence of the
NMR signal-to-concentration ratio (SCR)63 on increasing [Xe]cell. This makes the
production of sizeable amounts of highly spin-polarized 129Xe experimentally
challenging, as well as limiting the scope of potential applications—many of
which require high 129Xe NMR signal (which is the product of [Xe]cell  PXe). Most
current processes employ complex, expensive set-ups that polarize a small
amount of gas at an instant (usually <<60 torr Xe for high PXe levels) and slowly
accumulate the hyperpolarized gas over time.57,113
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In Chapter 8, an unexpected interdependence of PXe and [Xe]cell was
reported, where PXe values are initially low (<1% at 50 torr Xe), rise with
increasing [Xe]cell, peak (~15% at 300 torr Xe), and then fall off but remains
uncharacteristically high at elevated [Xe]cell (>10% at 1000 torr Xe); this
anomalous trend is quite different from what is conventionally expected: high PXe
at low [Xe]cell, precipitously falling upon increased [Xe]cell. To further study this
unexplained phenomenon, low-field NMR detection capabilities were installed to
enable the monitoring of PXe values (and build-up dynamics) in situ. The
remainder of this chapter details low-field 129Xe NMR studies of PXe as a function
of [Xe]cell, buffer gas density/composition, and Tcell; both ‘steady-state’ PXe levels
and build-up curves (PXe as a function of time) were evaluated. Attempts were
made to extract fundamental SEOP parameters (such as the binary spinexchange cross section and three-body spin-exchange rate) from these PXe
build-up curves. Finally, upon further optimization of the SEOP apparatus and
experimental parameters, ultra-high PXe enhancements were recorded for high
[Xe]cell’s, including >57,000 at 50 torr Xe and >11,000 at 2000 torr Xe, while
using only ~29 W of frequency-narrowed laser light (provided by the Comet).
These 129Xe nuclear spin polarization levels are the highest ever reported at
such high xenon densities (to our knowledge), and may pave the way for
efficient, cost-effective HP 129Xe human lung imaging from single-batch SEOP.
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9.2 IN SITU PXE MEASUREMENT VIA LOW-FIELD NMR POLARIMETRY

The PXe results presented thus far in this dissertation have been measured
exclusively at high field (9.4 T); because of this limitation, each data point
requires its own separate OP run (gas loading, temperature equilibration, ‘pumpup’ time, cool-down time, collection, transfer to stopcocked NMR tube, then to
NMR magnet). As such, each data point requires approximately 45 minutes to an
hour to complete, resulting in only 6-10 OP runs in a day (and large amounts of
xenon and buffer gases consumed). This detection method also suffers from the
inability to monitor changes to PXe levels as they occur in real time during optical
pumping (such as the PXe vs Tcell asymmetry in Fig. 8.3), potentially leading to
inconclusive or skewed data.
In order to facilitate more efficient OP parameter optimization, and to better
study PXe build-up and decay dynamics in situ, a low-field (LF) NMR polarimeter,
centered around a low-frequency NMR spectrometer (Magritek-‘Aurora’), was
recently added to the SEOP apparatus (detection range: ~0-100 kHz). The
spectrometer is connected to a home-made pulse/detect saddle coil (constructed
from PTFE; hand-wound with copper wire; positioned around the OP cell—Fig.
9.1) that is optimized for 129Xe NMR detection at only 37.5 kHz (B0 ~32 G).
Custom PTFE cell mounts with Garolite posts reduce magnetic field
inhomogeneity across the OP cell (the previous cell holders were metal and cast
a magnetic field gradient across the cell that prevented the detection of the LF
NMR signal). Furthermore, the large permanent magnets used for PXe cryo-
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collection (Fig. 7.3) must also be removed for LF NMR detection, as they cast an
even larger magnetic field gradient.
The addition of the LF polarimeter allows a multitude of data points to be
taken for each OP gas loading, meaning that a variety of experimental
parameters (i.e., laser flux, spectral offset, Tcell, ‘pump-up’ times, etc.) can be
‘mapped out’ quickly and efficiently for each gas loading. This not only eases the
optimization of various parameters, but allows for experiments that are simply
not possible without in situ detection (such as PXe build-up and decay dynamics).

Fig. 9.1 OP cell in Teflon mounts, with home-made LF
pulse/detect saddle coil sitting on top. 2” mirror residing
behind the cell retro-reflects light back through, thus helping
to eliminate regions of ‘dark’ Rb within the OP cell.14

The general procedure for low-field detection is quite similar to a ‘saturation
recovery’ NMR pulse sequence, and proceeds as follows: A series of ‘crusher’
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pulses are applied to ‘reset’ PXe throughout the cell (~300 pulses; 0.1 ms recycle
delay). Then, PXe is allowed to accumulate for a set amount of time (nominally 5
minutes), and detected with a single pulse (1.25 ms; α ~52o) for the active
volume (~25% of the cell). The LF spectra are simple to interpret (Fig 9.2), with a
single

129

Xe gas peak at 37.5 kHz (typical noise level ~10-25 counts, mostly from

HC power supply unit; all LF studies done in the absence of any rf / af shielding).
This particular resonance frequency was chosen so that it resides in a frequency
range that is not heavily populated with rf / af noise sources (aside from the HC
power supply, which cannot be turned off during LF detection—or SEOP
experiments in general), as well as corresponding to a highly characterized B0
regime for SEOP.

Fig. 9.2 Example LF 129Xe NMR spectra,
showing a single peak at 37.5 kHz (B0 ~32 G).
The somewhat noisy baseline is dwarfed by the
massive HP 129Xe NMR peak.14
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The SEOP set-up was also supplemented with a 2-inch mirror, installed
post-cell (Fig. 9.1) to retro-reflect laser light back into the OP cell (thus
minimizing areas for ‘dark’, unpolarized Rb). Although the circular polarization of
the laser light changes upon reflecton off the mirror, because the reflected light
beam traverses backwards through the applied magnetic field, the ‘helicity’ with
respect to the quantization axis remains the same—and thus imparts the same
angular momentum to the Rb. As such, the added mirror instantly provided a
~29% ‘free’ increase in PXe under nominal conditions (as measured at high
field—Fig 9.3). The benefits of the added mirror become less significant at higher
OP cell temperatures; as the Rb vapor becomes increasingly optically thick, it will
absorb more of the laser light (leaving less light that can actually make it to the
mirror).

Fig. 9.3 NMR signal at 9.4 T from ~300 torr HP Xe (1 scan,
o
α≈ 7.2 ) with (black) and without (red) retro-reflection
(Comet laser, Tcell ~80 oC, no cryo-collection).14
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9.3 DEPENDENCE OF OPTIMAL CELL TEMPERATURE ON XE DENSITY
The low-field set-up was used to monitor HP

129

Xe signal in situ as a

function of xenon density, nitrogen density, and OP cell temperature with the
goal of elucidating more information about the anomalous PXe-vs.-[Xe]cell trend
reported in Chapter 8.

59

The temperature at which the peak LF

129

Xe NMR signal

was achieved was found to depend very sensitively on [Xe]cell (the experiments
were conducted with a constant total cell pressure—2000 torr; backfilled with N2).
It was observed that high [Xe]cell achieved maximum PXe at lower Tcell, while
decreased [Xe]cell favored higher temperatures (Fig. 9.4).

Fig. 9.4 In situ low-field (~32 G) NMR signal from HP 129Xe gas as
a function of the cell exhaust temperature (Tcell) for various [Xe]cell.
For all experiments, the OP cell was back-filled with N2 to give a
constant total pressure of ~2000 torr; OP time was fixed at 5 min.
Inset: Dependence of TOPT on [Xe]cell, as estimated from the data
in the main figure.205 There is a clear benefit to running at lower
Tcell for higher [Xe]cell values; also, there is higher peak LF signal
for higher [Xe]cell values, a result that runs counter to the previously
expected steady-state signal-to-concentration ratio.63
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To our knowledge, this TOPT dependence on [Xe]cell has not been previously
reported in the literature. Indeed, the large dynamic range of cell temperatures
and xenon densities in which we are interested, combined with the ability to
quickly study SEOP via LF

129

Xe NMR, has allowed us to observe this

unexpected dependence. At first glance, the [Xe]cell/TOPT interdependence is
counter to what would be expected: naively, higher [Xe]cell values should require
higher Rb vapor densities (i.e., ‘more Rb needed to polarize more Xe’), and thus
higher cell temperatures. The fact that the highest [Xe]cell values require lower
Tcell (by up to 30 oC) for optimal PXe is quite surprising, as are the actual TOPT
values themselves—as the majority of OP set-ups run at higher Tcell values
o

(typically ≥ 120 C). On the other hand, higher Tcell is preferred for lower [Xe]cell,
so those particular set-ups that polarize only a few torr of xenon at a time are
probably optimized for their own experimental conditions (assuming that, when
polarizing larger [Xe]cell quantities, they do not lower Tcell—resulting in low PXe
values at high [Xe]cell).
Indeed, it would seem that this [Xe]cell / TOPT interdependence is able to at
least partially explain the xenon density anomaly previously observed at high
field (from Chapter 8); all variable [Xe]cell experiments were conducted at one Tcell
value (~80 oC; which was optimized for 300 torr Xe—hence the PXe maximum at
300 torr Xe). By using each [Xe]cell’s particular TOPT, it was also noticed that an
increase in NMR signal was still achieved at increasing xenon densities (even at
1400 torr Xe), thus defying the conventionally expected63 steady-state 129Xe
NMR signal with higher [Xe]cell (Fig. 9.4). By dividing the acquired low-field 129Xe
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NMR signal by [Xe]cell (to obtain a relative estimate of

129

Xe polarization), it was

observed that PXe is higher at lower [Xe]cell--but only near TOPT, and not to the
degree that would maintain a constant SCR upon increased [Xe]cell (Fig. 9.5).

14

Fig. 9.5 Same as Fig. 9.4, only the LF HP 129Xe signal is divided by
the xenon partial pressure (torr) for each run, resulting in a relative
estimate of PXe. By plotting the data this way, the generally expected
trend of higher PXe at lower [Xe]cell is observed (but only at higher
temperatures).14

9.4 DEPENDENCE OF TOPT ON BUFFER GAS COMPOSITION / DENSITY14
A separate set of experiments was conducted (with a constant [Xe]cell of
300 torr) to determine the effects of [N2]cell, overall cell pressure, and the
[N2]cell/[Xe]cell ratio on the LF 129Xe signal. A slight increase in 129Xe NMR signal
was observed with higher overall cell pressures (likely due to additional collisionbroadening; transmitted laser spectra showed evidence of additional light
absorption at these higher cell pressures), but there was little discernable
difference in the values for TOPT (Fig. 9.6) upon increased [N2]cell. Later (similar)
experiments using a tertiary gas mixture (Xe, N2, and He) also showed little
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variation in optimal cell temperatures, signaling that this optimal temperature
effect is most likely due to [Xe]cell itself and not other gas species composition,
density, or pressure ratio.

Fig. 9.6 Same as Fig. 9.4, but for various [N2]cell (for these runs,
[Xe]cell was held constant at 300 torr). Note the slight increase in
PXe for higher cell pressure runs (likely due to increased pressurebroadening). There was no evidence of depolarizing violet
emission at even the lowest [N2]cell. Inset: Dependence of TOPT on
[N2]cell for corresponding OP runs, showing little discernable
dependence on either [N2]cell or overall cell pressure, signaling that
the primary influence on TOPT is likely [Xe]cell itself.205
9.5 XENON NUCLEAR SPIN POLARIZATION DYNAMICS 14,136,205
While at least partially explaining the previously reported results59 regarding
the uncharacteristically high PXe values at high [Xe]cell (as well as low PXe at low
[Xe]cell--those data were taken at a low constant Tcell= 80 ºC, favoring higher
[Xe]cell values), the fundamental origin of the interplay between TOPT and [Xe]cell
was not immediately evident. To better study the origins of this effect, additional
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LF studies were conducted to monitor the PXe buildup dynamics as they occurred
in real time.
For each set of runs (typically, variable [Xe]cell or variable Tcell), the
experiment progressed as follows: the OP set-up is brought to operational
conditions (OP gas mixture loaded, cell heated to particular Tcell, laser set to
optimal parameters). Then, the laser is blocked (with two beam-blocks in front of
the CP box), and the PXe in the cell is ‘reset’ by the series of crusher pulses.
After these pulses (when it is assumed that PXe = 0), the laser is unblocked, and
the experiment begins. Over a pre-determined time duration (~20 minutes), a
single (small tipping-angle) pulse (~0.625 ms; α ≈ 26o) is regularly applied to
detect the HP

129

Xe signal at a constant interval (say, once every minute). The

cumulative effect of these pulses was experimentally determined to be
equivalent to an additional relaxation contribution to the apparent time constant
-4 -1

governing SEOP (i.e., Γ; see Eq. 2.9) of ~3.9 × 10 s (typical range of Γ values
measured from ~2.7 × 10-3 to 1.6 × 10-2 s-1); all Γ values were thus corrected for
the effect of the rf pulses by subtracting this number from the results of all raw
fits of the experimental data. The entire experiment is repeated four times, and
the final dataset is obtained by averaging the 4 identical runs and subtracting the
noise plateau; each dataset is then shifted in time so that the polarization growth
begins at t = 0 s. Because of the intrinsic difficulty in using Eq. 2.6 to fit PXe(t), the
build-up curves were fit to a similarly-formed generic equation:
S(t) = a(1-exp(-Γt)) ,

(9.1)

130
where S is the LF

129

Xe NMR signal at time (t), a is the steady-state

129

Xe signal,

and Γ is the time constant of the curve. At short time intervals, S(t) is given as:
S(t) = ξ [Xe]cell PRb γSE  t ,

(9.2)

where ξ represents the ‘instrument function’ that is inherent to the low-field
spectrometer/detection coil combination. Each PXe build-up curve can be
evaluated by the two values, “a” (the steady-state polarized gas NMR signal) and
“Γ” (the build-up rate time constant, corrected for losses due to the tipping angle
of detection pulses). By multiplying (a  Γ), and correcting for [Xe]cell (with the
factor: 760 torr/Xe partial pressure), one is left with a figure of merit describing
the efficiency of the optical pumping process under those experimental
conditions (see below).

Fig. 9.7 Selected curves showing the time dependence of the in
situ low-field HP 129Xe NMR signal during SEOP, shown for various
[Xe]cell (reported here as Xe partial pressures, in torr, at the time of
cell loading; overall cell pressure = 2000 torr; Tcell = 90 °C). Each
dataset was obtained by averaging 4 identical runs; solid lines are
exponential fits according to Eq. 9.1.205
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The PXe build-up rate was observed to have a complex dependence on
both Tcell and [Xe]cell; PXe buildup curves also continued to demonstrate the
increased (steady-state)

129

Xe signal at higher [Xe]cell (selected buildup curves at

varying [Xe]cell shown in Fig. 9.7). Contrary to expectations (Eq. 2.7), higher
[Xe]cell loadings seem to have increased PXe build-up rates at constant (relatively
low) Tcell (higher [Xe]cell is expected to both decrease the spin-exchange rate and
increase the Rb spin-destruction rate).
In situ LF PXe studies were also performed under constant [Xe]cell, while
varying the OP cell temperature. It is generally expected that, as Tcell increases,
the PXe build-up rate will rise as well (due to rising [Rb]cell—Eq. 2.7). This trend
was effectively reproduced in Fig. 9.8 (with [Xe]cell fixed at 500 torr Xe), where
the fastest build-up time occurred at the highest OP cell temperature (Tcell = 110
o

C). However, this set of curves also demonstrates the utility of optical pumping

at TOPT, as the highest steady-state

129

Xe signals were achieved at the optimal

Fig. 9.8 Same as Fig. 9.7, but with variable Tcell and fixed [Xe]cell
(i.e., Xe partial pressure = 500 torr).205 Curve fits were truncated at
the highest Tcell values (e.g. 110 oC), due to instabilities likely
caused by so-called ‘rubidium runaway’ effects.65
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cell temperature of 85 C. Furthermore, evidence of ‘Rb runaway’

65

can be seen

o

at the 110 C run, as the PXe signal becomes progressively weaker with time
(due to increasing levels of ‘dark’ Rb; this trend is evident for most PXe build-up
curves at high Tcell). So, even if higher Tcell allows one to reach steady-state
faster, the actual PXe level attainable may very well be quite lower than the one
obtained at TOPT.
Using the ‘a’ and ‘Γ’ values extracted from the plotted PXe build-up curves
and Eqs. 9.1 & 9.2, a figure of merit for the optical pumping efficiency can be
estimated (as a function of ξ  PRb γSE  [Xe]cell-1; Fig. 9.9). This OP efficiency is

Fig. 9.9 Plots of the time constant for PXe build-up (Γ) multiplied by the
steady-state value of the LF NMR signal (a), giving: ξ⋅〈PRb〉⋅γSE, where ξ is
an instrument function. Note that this factor is free of contributions from the
129
Xe nuclear spin relaxation rate (ΓXe). Data points are plotted as
functions of [Xe]cell; each point has been normalized by the Xe partial
pressure at loading to adjust for the dependence of the NMR signal
strength on the 129Xe spin density. Black squares / dotted line: Tcell = 90 °C;
Red circles / solid line: Tcell = TOPT. Inset: Same as main figure, except
plotted versus Tcell for fixed [Xe]cell (500 torr Xe partial pressure). Error bars
are fit uncertainties. Overall cell pressure was 2000 torr (N2 balance) for all
runs.205
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free of contributions from the

129

Xe nuclear spin relaxation rate (ΓXe); plotting the

data in this manner allows one to determine if the observed effects arise from
[Xe]cell-dependent changes to ΓXe. When performing SEOP at a constant Tcell (90
°C), the ‘OP efficiency’ initially rises with increasing [Xe]cell, peaks, and then
slowly falls off at high Xe densities (Fig 9.9—black dashed line); this trend
qualitatively follows the previously reported59, unexpected dependence of PXe on
[Xe]cell at high Xe densities. However, when SEOP is performed at each [Xe]cell’s
TOPT (red solid curve), very high OP efficiency is observed at low [Xe]cell,
dropping off smoothly and dramatically with increased xenon density (i.e. the
traditionally expected dependence).
At fixed gas density/composition, the PXe build-up rate increases as a
function of Tcell (as the SE rate depends on [Rb]cell—see Eq. 2.7). Despite
increases to the SE rate at higher Tcell (as [Rb]cell increases), global PRb and PXe
may suffer due to inferior cell illumination (Fig. 9.9 inset higher Tcell runs), as
more of the light is absorbed in the front of the cell (possibly leading to a ‘Rb
runaway effect’)65, leaving the rear of the cell optically opaque.66 This high-Tcell
effect may also explain fall-offs to the steady-state PXe values at increased time
intervals (such as the 110 oC run in Fig. 9.8), as the cell becomes more opaque
over time. Spin-exchange is also dependent on the OP gas composition/density
due to different SE pathways on the molecular level (2-body vs. 3-body—see Eq.
2.9), affecting [Xe]cell’s effect on the spin-exchange efficiency. These preliminary
results demonstrate that the interdependence of [Xe]cell and Tcell that determines
PXe is due to some facet of the SEOP process itself (and not, say, to
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temperature- or density-dependent changes to

129

Xe spin relaxation, as the a  Γ

factor is void of ΓXe contributions). The origin of this unexpected dependence of
PRb or γSE (or both) on [Xe]cell that is compensated by TOPT is not yet understood;
to our knowledge it is not well explained by current models (i.e. Eqs. 2.6 & 2.7).
In principle, the PXe build-up curves can be further analyzed to determine
the effects of Tcell and [Xe]cell on the 2-body and 3-body contributions to Rb/129Xe
spin-exchange (2-body collisional cross-section and 3-body spin-exchange rate),
intrinsic PXe relaxation characteristics, and estimates of the volume-averaged, incell PRb. By plotting the PXe build-up curve rate constant (Γ) as a function of
77

[Rb]cell (as estimated from vapor pressure curves) , one should obtain a straight
line whose slope is equal to γ’ (sum of 2-body and 3-body contributions to the
spin-exchange rate), with the y-intercept equal to ΓXe (the in-cell HP 129Xe
relaxation rate; see Eq. 2.9 & Fig 9.10). Indeed, this approach appears to work

Fig. 9.10 Plot of the time constant (Γ) for PXe build-up (measured at [Xe]cell
= 500 torr) versus [Rb]cell (estimated from vapor pressure curves).77
Following Ref.53, a fit to the data (red line) should give a slope and
intercept that respectively correspond to the total spin-exchange crosssection, γ′ (~1.15 x 10-15 cm3 s-1) and the in-cell HP 129Xe relaxation rate,
-1 129
ΓXe (0.00166 s ; Xe T1 ~10 min).
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well, providing a good linear fit and a value of γ’ (for [Xe]cell =500 torr) of ~1.15 x
10

-15

3 -1

cm s ; this seems to be a fairly reasonable estimate (most values of γ’

range from ~9 x 10

-15

-17

to ~8 x 10 , depending on gas mixture and detection

technique).206 The in-cell HP 129Xe nuclear spin relaxation rate (ΓXe) was found to
-1

be ~0.00166 s , corresponding to an in-cell

129

Xe T1 of ~10 minutes (also

perfectly reasonable, depending on OP gas mixture and cell preparation).
In principle, repeating this process (of determining γ’) for multiple [Xe]cell
values, one should be able to disentangle the 2-body and 3-body contributions to
the spin-exchange rate. Plotting γ’ as a function of 1/Pa (as described in Eqs.
2.10 & 2.11) is expected53 to result in a straight line with a slightly increasing

Fig. 9.11 Plot of γ′ versus 1/Pa (see Eq. 2.10) determined for different
values of [Xe]cell (red dotted line); the point at Pa-1 ~0.83 (corresponding to
500 torr Xe) was taken from the fit of Γ values obtained at multiple Tcell’s
shown in Fig. 9.9; all other points were obtained by fitting Γ values
obtained at two Tcell’s and using the ΓXe from Fig. 9.10 as the intercept (i.e.,
assuming no dependence of ΓXe on [Xe]cell).136 The solid line (black) is the
predicted trend. In principle, fitting such data to a line should provide the 3body contribution to the SE rate (slope) and the binary SE cross-section
(intercept), previously measured to be ~2.92 x 104 s-1 and ~3.7 x 10-16 cm3
s-1, respectively; however, the experimental data does not show qualitative
agreement with the expected trend.53

136
slope; one can extract values for the 2-body (y-intercept) and 3-body (slope)
contributions from the fit of this line. While this method is expected to work (and
can be easily modeled using our [Xe]cell values to calculate a binary SE crosssection of ~3.7 x 10

-16

3

-1

4

cm s , along with a three-body SE rate of ~2.92 x 10 s

-

1 53

) , our preliminary attempts at fitting experimental data to this form resulted in

an unexpected trend (Fig. 9.11). Indeed, it appears that although the data are
limited (see caption), we appear to achieve higher γ’ values at higher [Xe]cell’s (as
1/Pa is inversely proportional to [Xe]cell; see Eq. 2.11), counter to expectation.
The reason for this unexpected trend is unclear, but it does appear to reflect our
overall findings of relatively high PXe values at high xenon densities.

9.6 ULTRA HIGH PXE VALUES AT HIGH XENON DENSITIES 116,205,207
Following the low-field HP 129Xe NMR studies shown above (as well as
numerous experiments that are not shown), we turned our attention back to high
field runs (i.e., to determine if we could obtain substantially higher PXe values for
use in MR applications, such as polarization transfer to cryptophane-A and zincmyoglobin).
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By exploiting the new-found [Xe]cell / TOPT interdependence (along

with the further optimization of the SEOP apparatus and experimental
parameters), we were able to achieve very high PXe values over a wide range of
Xe partial pressures (50-2000 torr) using only ~29 W of frequency-narrowed
laser power (provided by the Comet). Even after collection of the OP gas mixture
and transfer to high field (9.4 T), we measured average PXe values of ~52%,
~32%, ~23%, and ~11% at 50, 300, 500, and 2000 torr Xe, respectively
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(averaged values shown in Fig. 9.12). To our knowledge, these are the highest
PXe values ever reported at such high [Xe]cell (~0.06 to ~2.6 amagat) for Rb/

129

Xe

batch-mode SEOP, and correspond to substantial NMR signal enhancements of
4-5 orders of magnitude.

207

Fig. 9.12 High field (9.4 T) measurements of PXe (right axis) for a variety of
[Xe]cell (polarization enhancement on left axis). Data grouped into two Tcell
ranges: ‘Hot Cell’ (orange dotted line; Tcell = 100-110 °C); & ‘Cold Cell’ (blue
solid line; Tcell = 85-90 °C) (lines are meant to guide the eye). Values and
error bars correspond to averages and standard deviations obtained for
multiple SEOP runs. Total cell pressure = 2000 torr, N2 balance (exception:
runs with 2000 torr Xe also contained 600 torr N2). Inset: High-field (9.4 T)
NMR spectra of HP (left) and thermal (right) 129Xe for [Xe]cell = 300 torr (left:
single 6° pulse; right: averaged from 1,100 acquisitions with 90° pulses;
calculated enhancement: ~42,900; PXe = ~38.4%).205

These data shows our ability to hyperpolarize relatively small amounts of
xenon to a very large extent (one of the 50 torr gas loading OP runs correspond
to PXe ~55%), as well as quite large [Xe]cell values to relatively high PXe levels
(2000 torr Xe; ~11%). Also, contrary to expectations, PXe was observed to level

138
off at increased [Xe]cell instead of significantly dropping; as such, we continued to
achieve increased NMR signal intensity at high field upon increased [Xe]cell
(relevant for MR applications that require large amounts of NMR signal). Finally,
the data at high field follows the trends reported in Figs. 9.4 & 9.8 (at least
qualitatively), with higher PXe values achieved at lower Tcell for increased [Xe]cell
and vice-versa. Indeed, there is an appreciable difference in optical pumping at
optimal versus non-optimal cell temperatures (in combination with improved cell
preparation/experimental techniques).
A similar set of experiments were also conducted using the Integra as the
laser source (~55 W; ~0.49 nm FWHM), with the idea being that the Integra
should be able to further improve PXe levels (due to the previous Comet / Integra
comparison in Chapter 8). While the resulting data curve (not shown) was similar
in shape to that of Fig. 9.11, the overall PXe values were a bit lower (~10-20%
less, varying run-to-run). This would seem to indicate that, under OP conditions
that correspond to high PXe levels, the increased spectral-narrowing of the Comet
may be more beneficial to SEOP than the increased laser power of the Integra
(along with its correspondingly broader spectral lineshape); this would be
especially true under low Tcell conditions, where a high percentage of the incident
light is not absorbed.

9.7 CONCLUSIONS
The results presented in this chapter demonstrate the usefulness of in situ
low-field NMR to examine PXe dynamics as they occur, thus facilitating quicker
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optimization of experimental parameters and allowing fundamental SEOP
studies that are not otherwise possible. Using this low-field detection capability, a
sensitive xenon density-mediated dependence of the optimal cell temperature
was discovered that (at least partially) explains the previously reported xenon
density anomaly (i.e., Fig. 8.8). This [Xe]cell/TOPT interdependence was further
utilized to improve batch-mode Rb/

129

Xe SEOP, and can be (at least partially)

explained in terms of changes to the efficiency of the optical pumping process at
different Tcell and [Xe]cell values. Preliminary studies attempted to extract
fundamental SEOP parameters from PXe buildup curves (such as binary SE
cross-sections and 3-body SE rates); however, the experimental data did not fit
the expected trends (but do seem to indicate better-than-expected OP efficiency
at higher [Xe]cell under our experimental conditions). By taking advantage of the
effects of OP at each xenon density’s optimal cell temperature, we were able to
attain impressive PXe values at 50 torr Xe (~55%), as well as surprisingly high PXe
values at significantly elevated [Xe]cell (~11% at 2000 torr Xe)—encompassing
some of the highest—if not the highest—PXe values ever reported at such high
in-cell xenon densities.
While relative estimates of the spin-exchange efficiency establish a window
into the unexpected temperature / xenon density interdependence, it is unlikely to
explain the entire phenomenon. Furthermore, while the Tcell values are reported
as the measured OP cell oven exhaust temperature, they do not appropriately
reflect the true temperature of the gas mixture inside the cell, as much of the
laser energy absorbed by the Rb is transferred to the rovibrational manifold of
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the N2 buffer gas. This effect was demonstrated (via Raman scattering
112

measurements of N2 by Happer, et al.)

to approach 900 ºC with only ~15 W of

broadband laser light and significantly lower [N2]cell (the current set of
experiments were conducted with considerably higher resonant laser flux and
[N2]cell). This effect, coupled with [Xe]cell-dependent changes to the Rb D1
absorption lineshape and spectral offset

114

, may provide greater insight into the

fundamental processes that give rise to the observed effects.
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CHAPTER 10
VARIABLE EXCITATION WAVELENGTH STUDIES OF RB/

129

XE SEOP

10.1 INTRODUCTION

The increased light absorption efficiency that is achieved by using
frequency-narrowed VHG-LDAs has led to massive enhancements in PXe (as
demonstrated in the last two chapters). However, the first-generation VHG-LDAs
(such as the Comet and Integra) suffer from a common drawback—a thorough
lack of spectral tunability. Furthermore, what little spectral tunabiltiy that is
available comes at the cost of significant changes to the laser power and
spectral linewidth (often resulting in ‘unlocked’, spurious output some distance in
wavelength from the primary emission line; see Fig. 4.2). This problem prevents
a true ‘apples-to-apples’ comparison of SEOP at different excitation wavelengths
when using these first-generation, fixed-frequency lasers.
It is well-documented that the spectral shift, broadening, and lineshape of
the alkali-metal absorption lines86,114 are dependent on gas density and
composition—and are especially sensitive to the effects of xenon (and, to a
lesser extent, nitrogen and helium). Changes to the line shift and broadening are
due to differences between ground-state and excited-state interatomic potentials;
these differences give rise to energies for the D-line transistions that depend on
the interatomic separation of the colliding atoms. As higher-pressure gas
loadings are introduced to the OP cell (i.e., the atoms are ‘packed in’ more
closely), the resulting energetic ranges in which these transitions are possible
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cover a wider spectral window (hence, ‘pressure broadening’ of the atomic
absorption transitions). The polarizability of the colliding atoms also plays a part,
as there is an interatomic attractive dependence on the van der Waals potential,
hence the larger contribution to lineshape changes due to increased xenon
density. This van der Waals potential is also responsible for changes to the
spectral line shift; because the ground state potential is usually less attractive
than the excited state potential, a lower-energy (i.e., longer wavelength) shift is
expected for colliding atoms of high polarizability (such as xenon). However, the
line shift will tend to higher energy (shorter wavelength) shifts when the colliding
species is helium (due to its low polarizabiltiy).

86

Precise knowledge of the position, linewidth, and lineshape of the alkali
absorption lines is quite important for SEOP when using frequency-narrowed
laser sources—especially when the light source is not tunable (as one can miss
the absorption line entirely).137 Furthermore, variable excitation-wavelength
studies of SEOP at different [Xe]cell values should provide insight into the optimal
spectral offset / cell temperature for a variety of OP gas loading mixtures
(especially useful under conditions of high [Xe]cell). While the dependences of
spectral shift and lineshape on temperature have been estimated for helium as
the buffer gas114, any lineshape dependencies on Tcell for xenon or nitrogen
gases have not been sufficiently characterized. Indeed, knowledge of changes to
the Rb / Cs D-line spectral properties upon varied [Xe]cell, buffer gas density (or
composition, and Tcell may provide an avenue to further increase PXe values for
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SEOP under conditions of high xenon density (by helping to determine the
optimal excitation wavelength for the given set of OP conditions).
The remainder of this chapter details the use of high power, next-generation
‘on-chip’ VHG-LDAs (as introduced in Section 4.4.3) that are capable of spectral
tuning without significant changes to the laser output power. This new
technology allows for the systematic characterization of Tcell, [Xe]cell, laser flux,
and laser spectral offset, and allows the multidimensional set of experimental
parameters to be further expanded and explored. A definite PXe dependence on
excitation wavelength is explored for higher [Xe]cell values, using improved lowfield detection capabilities and compared to the percent transmittance of the
laser beam through the cell. The evaluation of PXe build-up curves shows an
unexpected dependence of the PXe buildup rate on the excitation wavelength at a
variety of [Xe]cell values. Finally, a summary and outlook on the future of Rb/129Xe
SEOP will detail some of the potential upcoming studies in the Goodson
laboratory, as well as in the field of SEOP in general.

10.2 ‘ON-CHIP’ VHG-LDAS116,133,134
To circumvent the current limitations of fixed-frequency VHG-LDAs (as well
as other methods of spectrally tuning the laser modules, such as mechanically or
through a TEC-mounted VHG), a laser module was developed (through QPC;
see Section 4.4.3) that contains the VHG as an integral component of the laser
itself (instead of as a grating optic mounted in front of the diode). As such, the
VHG-spacing is exquisitely sensitive to the LDA temperature, thus providing a
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simple and effective method of tuning the laser. Furthermore, because the
grating is ‘grown’ into the laser itself (and is not a separate optic), multiple diodes
can be placed into a single laser module, and focused into a single optical fiber.
This can boost the output power of a typical module from only ~40 W to well over
~150+ W.
The first on-chip VHG-LDA introduced to the Goodson laboratory
possessed an output power of ~80 W as measured directly from the fiber (
providing ~68 W incident on the cell due to ~15% loss from CP box). The laser
module sits atop a water-cooled chiller plate (cooled by a ThermoCube
recirculating water chiller), is driven with a 6-volt power supply unit (Xantrex), and
fiber-couples (via a 1 m fiber) into the same CP box as the fixed-frequency VHGLDAs. Spectral tuning is achieved simply by varying the temperature of the
o
module, which tunes the internal grating at the rate of ~0.069 nm/ C. The module

was capable of tuning over a range in excess of 1.3 nm and allowed ample
tuning to either side of the Rb absorption line over a wide range of power
o

settings (15-40 amps) and operational temperatures (10 - 35 C).
Figure 10.1 shows the tuning curves for this prototype laser module as a
function of diode temperature (fixed current—Fig. 10.1a) and laser drive current
(fixed temperature—Fig. 10.1b). The locked output spectra was observed to be
less than 0.30 nm FWHM over the entire range of operational currents and
temperatures with minimal variations in lineshape (nominal linewidth ~0.26 nm).
Some parasitic unlocked output was noticed (ca. ~800 nm) at the highest power
and temperature (T > 30oC) settings; under normal conditions the output showed
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Fig. 10.1 (a) Normalized spectral output of tunable, ‘on-chip’ VHGLDA. Output is spectrally tunable (almost) independently of laser
power by changing the diode temperature. Top: Slight power loss
with increased diode temperature (~0.4 W/oC). (b) Tunability of ‘onchip’ VHG-LDA at constant diode temperature (18 oC) by varying the
driving current (~0.041 nm/amp). Top: Linear increase in laser power
as a function of driving current (~2.26 W/amp).134

minimal or unobservable spurious output (also, no unlocked output was noticed
under any conditions after upgraded diodes were placed in the module). There is
o
a slight drop in output power with increases in diode temperature (~0.4 W/ C at

35.1 A driving current)--this drop is seen in Figure 10.1a—top. At fixed laser
diode temperatures, the output can be tuned by changing the driving current by a
factor of ~0.041 nm/amp (with a corresponding laser power increase of ~2.26
W/amp; Fig. 10.1b—top).
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10.3 IMPROVED LOW-FIELD DETECTION CAPABILITIES

116,133

In addition to the next-generation laser technology, improvements to the
low-field detection capabilities were also implemented. Because there is no rf / af
shielding used in the low-field set-up, a significant noise plateau necessitates the
o

use of large tipping-angle pulses (α ~52 ) to adequately detect the HP

129

Xe

NMR signal. These strong pulses destroy the xenon magnetization during PXe
build-up curves, thus artificially increasing the time-constant of the curves (and
thus requiring the use of a tipping-angle correction factor). The large noise
plateau also prevents the observation of small PXe signals that lie below the
noise platform (i.e., PXe signals in the first minute of PXe buildup curves at low
Tcell and/or low [Xe]cell).
To combat these experimental obstacles, a new LF detection coil was
designed that implemented a ‘bucking’ coil (Fig. 10.2). This new coil is very

Fig. 10.2 New ‘bucking’ coil sitting atop OP cell (cell is resting in custom
cell mounts). The bucking coil effectively lowers the noise baseline, thus
increasing LF detection sensitivity. Retro-reflecting mirror is still used for
116
increased cell illumination.
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similar to the first LF detection coil, with one main difference: an additional coil,
with twice as many wraps counterwound (as compared to the other two coils)
that sits atop the regular LF detection coil set. The new ‘bucking’ coil works in the
following way: the regular LF coil set detects both PXe signal and random noise.
Because the bucking coil has the same total number of wraps as the regular coil
set, is wound in the opposite direction, and only samples the environmental
noise (as it sits atop the OP cell, not around it), the random noise signals
detected by the ‘bucking’ coil are of similar magnitude but opposite phase to
those of the regular coil, and are effectively cancelled out (thus greatly reducing
the noise baseline). Indeed, upon switching to the bucking coil, a ~2 orders-ofmagnitude increase in detection sensitivity was observed due to the very clean
baseline (Fig. 10.3). The bucking coil mount is also machined from PTFE, and is
spatially adjustable in all three dimensions for optimal noise cancellation. The

Fig. 10.3 (a) Noise baseline comparison of the two LF detection coils. New
'bucking' coil (red) increases detection sensitivity by ~2 orders of magnitude
by decreasing ambient noise compared to regular detection coil (black). (b)
Example HP 129Xe LF NMR acquisition at 37.5 kHz with 'clean' baseline (using
'bucking' coil). Inset: free-induction decay signal of HP 129Xe.116
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total HP

129

Xe low-field signal is slightly less than that typically produced via the

traditional low-field coil (possibly due to different Q factors), but the detection
sensitivity is more than compensated for by the decreased noise baseline.

10.4 PXE DEPENDENCIES ON TCELL, [XE]CELL, SPECTRAL OFFSET, & LASER
FLUX

116,133,134

The on-chip VHG-LDA has allowed (for the first time) the simultaneous
mapping of PXe dependencies on a variety of pertinent experimental parameters.
While each variable can be now singled out and individually varied, many of the
experimental parameters are highly interdependent, such as laser flux and Tcell,
or spectral offset and [Xe]cell. Thus, the following subsections will detail a variety
of systematic studies aimed at determining the optimal optical pumping
conditions at various xenon densities.

10.4.1 Dependence of PXe on Laser Flux and Tcell
Despite the unprecedented levels of resonant laser flux made available by
the first-generation, fixed-frequency VHG-LDAs, they still did not ‘saturate’ the
cell with laser power (i.e., PXe still increases linearly with laser flux—see Fig. 8.8
inset). The on-chip VHG-LDA allowed for the study of PXe saturation curves at
much higher laser powers (due to the ability to place multiple diodes into a single
module), without changing the output wavelength or linewidth. The SEOP studies
were conducted at a variety of laser offsets, laser fluxes, and OP cell
temperatures. A sensitive interdependence between laser flux and Tcell was
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observed, where higher Tcell was favored at lower laser fluxes. However,
increases in laser flux resulted in decreases to TOPT and overall gains in PXe (Fig.
10.4). For example, at [Xe]cell = 2000 torr (plus 600 torr N2) and the laser
o

o

emission line set to 794.76 nm (Rb D1), TOPT decreases from 95 C to only 75 C
when increasing laser flux from ~20 W up to ~60 W. Indeed, at higher Tcell
values, PXe plateaus with increasing laser power, and then begins to fall off,
possibly due to Rb runaway.

65

Furthermore, the usefulness of additional laser

power is demonstrated, as PXe does not ‘saturate’ even at ~68 W of resonant
light at low cell temperatures (Tcell = 75 oC).
This dependence of TOPT on laser flux is counterintuitive to what is typically
expected: that increases to laser flux should increase TOPT, as the additional Rb

Fig. 10.4 Plots of HP 129Xe signal intensity (at low-field) vs laser flux (‘on
resonance’) for a variety of Tcell (at 2000 torr Xe, 600 torr N2). While higher
Tcell is preferred at low laser powers, the optimal cell temperature lowers
upon increased laser flux. The highest PXe signals were attained at high
laser flux and low Tcell; additional laser flux may still be useful, as PXe does
not ‘saturate’ at low Tcell.116
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vapor density should be more than compensated for by the increased number of
available photons. The fact that the opposite trend is observed reinforces the
notion that optimal cell illumination is key to achieving high PXe (at least, at high
[Xe]cell) as opposed to increasing the spin-exchange rate (via increases to Tcell). It
also emphasizes that all experimental variables must be optimized in concert, as
one particular set of OP parameters may not translate well across various gas
loadings. Furthermore, the effect is not due to a simple laser heating effect (i.e.,
increases in laser flux that bring about higher [Rb]cell through ‘internal’ heating),
as there remains a benefit to optical pumping slightly off-resonance for a variety
of [Xe]cell values.

10.4.2 Dependence of PXe on Laser Flux and Spectral Offset
Of course, the other major benefit of the ‘on-chip’ VHG-LDA is the ability to
spectrally tune through the Rb D1 absorption line without changes to the laser
power or lineshape. This effect was utilized to study the effects of spectral offset
on laser power for [Xe]cell loadings of 300 & 2000 torr Xe (at each [Xe]cell’s TOPT).
For both [Xe]cell loadings, increases to laser flux resulted in increased LF 129Xe
NMR signal, with significantly more signal from the 2000 torr Xe run (Fig. 10.5a).
The spectral range for peak PXe also broadens with increased laser flux for
reasons that are not immediately clear—but are possibly due to increases in
[Rb]cell. Both [Xe]cell values enjoyed the benefits of OP with a slight (red-shifted)
spectral offset, with the higher power 2000 torr run benefiting the most (likely
helped by a red-shifted Rb absorption line).114 Indeed, while there is minimal PXe
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signal at only ~0.25 nm blue-shifted from the Rb D1 for both [Xe]cell loadings, the
HP

129

Xe signal at ~0.25 nm red-shifted is still significant at both xenon densities

and all three laser flux values.

Fig. 10.5 Plots of low-field HP 129Xe NMR signal intensity as a function of
laser offset for three driving currents: 15.5 A (~16 W; green); 25.3 A (~40
W; red); and 35.1 A (~63 W; black). OP conditions: (a) 2000 torr Xe, 600
torr N2; Tcell: 75 oC and (b) 300 torr Xe, 1700 torr N2, Tcell: 85 oC. Increases
to laser flux bring about increased PXe and broader spectral range of peak
116,134
PXe values; both [Xe]cell loadings benefit from slight spectral red-shift.

10.4.3 Dependence of PXe on Laser Flux at Different Tcell’s & Spectral Offset
Additional studies included examining the effects of varying the laser power
and cell temperature at different spectral offsets for 300 and 2000 torr Xe. Three
separate spectral offsets were chosen: ‘on resonance’ (~794.76 nm), ‘blue side’
(~794.61 nm), and ‘red side’ (~794.87 nm); laser power ‘saturation’ curves were
determined at different Tcell values. Fig. 10.6 shows the results for the 300 torr Xe
run; both the ‘red side’ and ‘on resonance’ offsets provided the highest PXe
values (at TOPT = 85 oC), while the ‘blue side’ offset was generally lower, but
arrived at the same LF 129Xe signal at the highest laser power (~68 W).
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Furthermore, while the data sets for the ‘red side’ and ‘on resonance’ offsets
appear to be nearing plateaus at the highest laser powers, the ‘blue side’ offset
keeps steadily increasing, serving as further affirmation of the importance of
optical pumping under conditions of high cell illumination, as laser saturation may
o

be indicative of Rb runaway. Indeed, when Tcell is increased by only 20 C (from
o

o

85 C to 105 C), all three offsets saturate and then dramatically decrease (in PXe
values) when laser power exceeds ~40 W (likely due to Rb runaway).
Additionally, when comparing the first 40 W of the 85 oC run to that at 105 oC,
the ‘on resonance’ lines are quite similar, while the ‘red side’ decreases
significantly and the ‘blue side’ increases (further evidence that effects from Tcell,
laser power, and laser flux are all intricately interwoven—and highly dependent
on cell illumination).

Fig. 10.6 Plots of LF HP 129Xe signal intensity vs laser flux at three
separate spectral offsets: ‘blue side’ (~794.61 nm); ‘on resonance’
(~794.76 nm); and ‘red side’ (~794.87 nm) for two separate Tcell’s: (a) 85
o
C and (b) 105 oC. OP loading: 300 torr Xe, 1700 torr N2. (a) While ‘red
side’ and ‘on resonance’ begin to saturate at increased laser flux, ‘blue
side’ keeps increasing. (b) At increased Tcell, all three spectral offsets show
evidence of Rb runaway65 upon increases laser flux.116
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While similar results were observed when the same experiment was
conducted at 2000 torr Xe (Fig. 10.7), there were a few key differences. For
example, the ‘blue side’ offset never approached PXe values attained by the other
o

two offsets at TOPT = 75 C, even at the highest incident laser powers. However,
o

upon increased Tcell (85-105 C), the ‘blue side’ resonance provided the highest
LF

129

Xe signal; furthermore, while overall PXe decreased upon increased Tcell, it

did not plummet as dramatically as for the 300 torr Xe runs (data not shown).

Fig. 10.7 Same as Fig. 10.6, but with a 2000 torr Xe (600 torr N2) gas
o
loading and Tcell=75 C. The ‘red side’ and ‘on resonance’ offsets do not
appear to saturate at any point, and are clearly superior to the ‘blue side’
offset for all laser powers (at TOPT).134 Increases to Tcell resulted in lowered
PXe signal and an emerging superiority of the ‘blue side’ offset (data not
shown).

10.4.4 Dependence of PXe on Tcell and Spectral Offset
The narrowed spectral output (~0.26 nm FWHM) and ability to tune over a
wide range of relevant wavelengths (> 1.3 nm) without changing output power
has allowed the ‘on-chip’ VHG-LDA to be used to map out the optimal spectral
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offset as a function of Tcell for a variety of [Xe]cell loadings (e.g., the 2000 torr Xe
cell loading shown in Fig. 10.8). The highest PXe values were achieved at a low
o

Tcell value (TOPT = 75 C) while the output was red-shifted from the Rb D1.
Indeed, upon increasing Tcell, the HP

129

Xe low-field signal decreased, and the

optimal spectral range for peak PXe broadened asymmetrically (on the ‘red’ side)
as well as bifurcated (so that the highest PXe values are achieved at wavelengths
that are increasingly distant from the Rb D1 transition—on both sides). This
bifurcation of optimal spectral offsets observed for increasing Tcell emphasizes
the importance of OP at a slight spectral offset; even as the Rb absorption line
broadens, it is important to compensate by being even further off resonance (to a
point). This bifurcation may also help explain why we (previously) noticed
improved PXe values with a blue-shifted offset while using the Comet laser (i.e.,
those runs were likely at Tcell’s higher than TOPT). The optimal ranges for peak
PXe at each Tcell match up quite well with the percent transmittance of laser light
for each run (Fig. 10.8 bottom); at TOPT, the wavelength for peak PXe also
corresponds to the wavelength of highest light absorption. As the cell
temperature increases, the peak absorption deepens, broadens, and red-shifts
as well—and the highest Tcell values result in most of the laser light being
absorbed even ~0.75 nm on the ‘red’ side of the Rb D1. This data demonstrates
the clear benefit to optical pumping at each [Xe]cell’s TOPT, especially using lower
cell temperatures for higher xenon densities. It also indicates that the Rb
absorption line may indeed asymmetrically-broaden and red-shift upon increases
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to Tcell—an effect that could help further explain the TOPT/[Xe]cell interdependence
that was described earlier.

Fig. 10.8 Top: Low-field 129Xe NMR signal as a function of laser spectral
offset for a variety of Tcell. Bottom: Percent transmittance of polarizing laser
beam as a function of Tcell. With increases in Tcell, optimal spectral offset
range broadens, while PXe decreases (as does % transmittance). OP
conditions: 2000 torr Xe, 600 torr N2; driving current: 35.1 A (~63 W
resonant laser power).116
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10.4.5 Dependence of PXe on [Xe]cell and Spectral Offset
Changes to the Rb D1 spectral shift and lineshape that are caused by the
various in-cell xenon densities may affect the optimal spectral offset at which
maximum PXe is achieved. Indeed, the absorbance of light by Rb is clearly

Fig. 10.9 Top: Transmitted laser spectra (35.1 A; ~63 W) at various spectral
offsets (i.e., LDA temps) plotted against the percent transmittance (black) of
the laser light exiting the OP cell (300 torr Xe, 1700 torr N2). Bottom: Same,
but for 2000 torr Xe, 600 torr N2 (Tcell: 85 oC for both data sets). Rb
absorbance profile deepens, broadens, and red-shifts with increases in
[Xe]cell.116
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dependent on [Xe]cell, as changing from 300 to 2000 torr of xenon brings about
broadening, red-shifting, and increased light absorption (Fig. 10.9).
While some amounts of increased broadening (due to increased overall cell
pressure—2600 torr vs 2000 torr) and red-shifting are expected, the apparent
[Xe]cell-dependent shift is significantly greater (~0.2 nm for 2000 torr Xe) than
114

what is predicted (~0.04 nm)

. Also, the laser seems to be absorbed in a highly

129
Xe NMR signal as a function of spectral
Fig. 10.10 Top: Normalized LF
offset for two [Xe]cell loadings (300 torr-black; 2000 torr-red). Bottom: Percent
transmittance of laser light passing through OP cell at different [Xe]cell, spectral
offsets. Runs at Tcell = 85 °C; ~63 watts laser power. Increased asymmetric
broadening at higher wavelengths is noticed for both PXe and percent
transmittance studies136, due to changes to the Rb absorption lineshape at
increased [Xe]cell.114
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asymmetric fashion, favored more heavily on the longer wavelength side. This
effect is further demonstrated in Fig. 10.10, which includes both LF HP

129

Xe

measurements and percent transmittance for 300 & 2000 torr Xe cell loadings.

10.5 PXE COMPARISON OF NARROWED VERSUS BROADBAND LDAS AT
INCREASED LASER FLUX

134

When the Comet was first introduced, it was shown capable of providing a
~3-fold watt-for-watt increase in PXe (as measured at high field) when compared
to a conventional broadband laser (Fig. 8.3). However, this was for a single laser
power (of ~30 W) at various cell temperatures. Acquisition of a second, higher
power broadband LDA (up to ~100 W; linewidth ~2.3 nm FWHM, relatively

Fig. 10.11 LF 129Xe NMR signal intensity as a function of laser power for a
VHG-narrowed LDA (~0.26 nm FWHM- black) and a broadband LDA (~2.3
nm FWHM- red). OP cell conditions: 2000 torr Xe, 600 torr N2, Tcell ~75 oC.
VHG-narrowed laser provides ~2.5 fold increase in 129Xe signal over entire
range of laser powers.134
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‘clean’ lineshape) from QPC has allowed for a direct comparison of narrowed
versus broadband laser sources over a full range of laser powers (from ~30 to 68
W) for [Xe]cell = 2000 torr. Over this range, the ‘on-chip’ VHG-LDA showed an
average ~2.5 fold increase in HP

129

Xe NMR signal (detected at low field; Fig.

10.11), with remarkable advantages at increased laser fluxes—thus further
demonstrating the superiority of VHG-narrowed laser sources for SEOP.

10.6 PXE DYNAMICS AS A FUNCTION OF TCELL, [XE]CELL, & SPECTRAL
OFFSET136
To further study the dependence of PXe on spectral offset at various [Xe]cell
values, PXe build-up curves were analyzed with the hope of extracting
fundamental SEOP parameters (by applying essentially the same analysis as
was in Section 9.5). To the author’s knowledge, the effects of varying the
excitation wavelength have not been studied extensively in the past; also, there
are not expected to be any dependencies of the spin-exchange rate on the
excitation wavelength. However, as certain [Xe]cell values seem to ‘prefer’
different spectral offsets, any resulting changes to the spin-exchange efficiency
could shed additional light onto the origins of this preference. Thus, PXe buildup
curves were acquired using an even higher powered (~140 W, measured directly
from the fiber) ‘on-chip’ VHG-LDA at a variety of spectral offsets to determine
how the OP efficiency depends on the excitation wavelength.

160
10.6.1 Higher Power, ‘On-Chip’ VHG-LDAs
Because the VHG grating is an integral component of the laser itself (as
opposed to an optic placed in front of the diode) for the ‘on-chip’ design, many
laser diodes can be placed inside a single laser module. This advantage was
fully exploited, as we were recently able to obtain an ‘on-chip’ VHG LDA (from
QPC) that is comprised of six laser diodes and capable of producing laser
powers exceeding 140 W of frequency-narrowed light—thereby providing an
unprecedented amount of resonant laser power.
This ‘on-chip’ laser works quite similarly to the previously characterized ~80
W narrowed laser; it is tuned by changing the temperature of the laser diode
o

(~0.07 nm/ C) and has a tuning range exceeding 1 nm (it can also be tuned by
varying the driving current). While tuning, there is a slight drop in power with
increased temperature (~0.5 W/oC), but this can be compensated for by
adjusting the driving current; also, the lineshape of the narrowed output (~0.30
nm FWHM) changes minimally with temperature. The laboratory footprint of this
~140 W narrowed laser is larger than that of the lower power models (Fig. 10.12
left), but is still relatively small (similar area as a common shoebox).
The new higher power on-chip VHG-LDA is water cooled (with the same
water chiller mentioned earlier) and is driven with the same 6-volt power supply
unit. Under conditions of very high power (~120 W) and blue-shifted spectral
offset (requiring that the laser be extensively cooled), the water chiller was not
able to sufficiently cool the laser, and an ice water bath had to be added in series
to achieve the desired LDA temperatures.
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For this laser set-up, we took advantage of newer, shorter fiber optics that
are highly polarization-preserving (~30 cm in length; 800 µm core size). This
allowed the binocular CP box to be replaced with a new single-axis polarizer of a
monocle design; this monocle simply consists of a collimator, corner cube, heat
sink, and quarterwave plate. Because ~90% of the light emitted from the fiber is
of a particular linear polarization (due to the efficiency of the ‘on-chip’ design), it
transmits through the corner cube and quarterwave plate, and is directed at the
OP cell. The 10% of light that is linearly polarized in a different direction reflects

Fig. 10.12 Left: Size comparison of the high power, 'on-chip' VHG-LDA (front)
used in the following studies, vs. a similar model (middle) that is lower in power
(~80 W) and a ~50 W, conventional broadband-type LDA (back) attached to
short fiber optic (30 cm). All lasers were purchased from QPC. Right: High
power, 'on-chip' VHG-LDA coupled to single-axis polarizer via a short (30 cm)
polarization-preserving fiber. Polarizing 'monocle' consists of collimator, corner
cube, beam dump, and quarter-wave optics. Single-beam design removes the
traditional 'skew' pump beam (which may be detrimental to SEOP) and makes
136
laser/cell alignment much simpler (with minimal losses in laser flux).

off the corner cube and is dumped to the heat sink. While some of the overall
laser power is lost, it is only ~10% (and not a significant amount when one has
~140 W of total available laser power). The benefits of this design are simplicity,
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ease of laser / OP cell alignment, and removal of the skew beam (which is not as
efficient at OP anyway).
Fig. 10.12 right shows the new, higher power VHG-LDA connected to the
new single-axis polarizer via the short fiber; the laser is placed on its side to
match the linear polarization of the emitted light with that which is allowed to
transmit straight through the corner cube. Furthermore, the new monocle
polarizer is equipped with optics that can be used at 795 nm as well as 852 nm
and 894 nm, to allow for use in Cs/

129

Xe SEOP studies (to be detailed in Chapter

11) without a loss in optical efficiency.
While this high-powered laser is capable of outputs of ~140 W as measured
directly from the fiber optic (Fig. 10.13; ~120 W incident on OP cell), the

Fig. 10.13 Laser output power as a function of driving current for the highpower 'on-chip' VHG-narrowed LDA (from QPC). Power monitored after
exiting fiber optic (LDA temp: ~21 oC). Inset: normalized transmitted laser
spectra for the four λ-offsets used in the PXe buildup curve experiments (~80
W laser power; ~0.30 nm linewidth). Offset varied by changing driving current
& diode temperature.136
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following PXe dynamics studies were conducted at ~80 W in order to remove the
threats of both laser saturation (so that PXe vs laser flux is still in linear regime)
and Rb runaway and to increase the comparability to previous variable offset
experiments. The laser was tuned to four distinct excitation wavelengths (794.48
nm, 794.66 nm, 794.73 nm, and 795.02 nm) that cover a significant range of
spectral offsets on both sides of the Rb D1 absorption line (Fig. 10.13 inset).

10.6.2 PXe Build-Up Dynamics as a Function of Spectral Offset and [Xe]cell
PXe build-up curves were measured for a variety of [Xe]cell, Tcell, and spectral
offsets (Fig. 10.14). The curves were attained in a slightly different fashion than

Fig. 10.14 Selected PXe buildup curves (collected at low-field) as a function
of laser spectral offset. Cell conditions: 2000 torr Xe, 600 torr N2, Tcell = 60
°C, ~80 W resonant laser power. PXe buildup rate and overall signal intensity
increase with higher wavelength light, signaling that the spin-exchange rate
may have a dependence on the excitation wavelength.136

164
those of Chapter 9: instead of continually sampling PXe at regular intervals during
the polarization build-up, a more ‘saturation recovery’-type approach was used,
where the PXe was depleted (by crusher pulses), allowed to build for a set
amount of time, and then detected. This process was repeated for each desired
time point. While initially taking longer than the previously described method, the
data is much smoother, and allows the final PXe curves to be generated from a
single experiment instead of an average of four runs (thus rendering the two
detection methods roughly equal in regards to time spent). Also, there is no need
for a correction factor that takes into account the PXe magnetization loss from
each pulse (as each acquisition is treated as its own separate experiment). Data
points are weighted more heavily in the early time regime (one acquisition every
30 sec or 1 min for first 5 min), then a single point is acquired every several
minutes for the longer time-interval runs. The curves are fit to Eq. 9.1, and the
steady-state HP

129

Xe NMR signal (a) and build-up curve time constant (Γ) are

extracted from each line fitting and used for additional data analysis. It appears
that the excitation wavelength has great influence over the optimal OP
conditions, as the initial slopes of the build-up curves rise more steeply for
longer-wavelength spectral offsets, as well as attain the highest steady-state PXe
signals (Fig. 10.14 demonstrates this for a 2000 torr Xe cell loading).
By plotting the values of Γ versus the rubidium number density (as
calculated from vapor pressure curves)77, one is left with a straight line whose
slope is equal to γ’ and y-intercept provides the in-cell 129Xe spin-relaxation rate
(1/T1; see Eq. 2.9); indeed, Fig. 10.15 demonstrates this type of data plot for a
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2000 torr Xe cell loading with an excitation wavelength of 794.73 nm (closest
offset to Rb D1 in this set of experiments). Typical values of γ' that were observed
for these experiments ranged from 3 - 9 x 10-15 cm3 s-1; while these values are
approximately an order of magnitude higher than what is predicted

53

for these

[Xe]cell loadings, they still fall within an acceptable range of commonly reported γ’
values for Rb/

129

Xe SEOP.

206

For the different excitation wavelengths, γ’ typically

increased with longer wavelength illumination. Also, the in-cell 129Xe T1 was quite
short (only ~3.37 min); this could possibly be caused by contaminations due to
OP cell impurities (exacerbated by the high spin-destruction rate commonly
expected with high [Xe]cell loadings).
By plotting the γ’ values (as determined from the Γ vs [Rb]cell plots) as a

Fig. 10.15 PXe growth curve time constant (Γ) vs. estimated Rb number
density for 2000 torr Xe cell loading (plus 600 torr N2); 794.73 nm
excitation wavelength. Slope of line provides γ'; intercept gives ΓXe.136 γ’
values typically increase with excitation wavelength at a given [Xe]cell.
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function of 1/Pa, the spin-exchange contributions from binary collisions (yintercept) and three-body interactions (slope) can in principle be determined

53

(Eq. 2.10). It is generally expected that the resulting plot should resemble a
straight line with a gently increasing slope (see Fig. 9.10, ‘predicted’). However,
while the runs for 100 & 2000 torr Xe gas loadings appear to fit this type of
general trend for the three shortest wavelength offsets, the runs at 500 torr,
along with all runs at λ= 795.02 nm, do not fit the expected trend (Fig. 10.16).
Furthermore, if the plots could be trusted as being accurate (omitting the 500
torr Xe & 795.02 nm runs for the time being), then the values for γRbXe and σν
would also be about an order of magnitude higher than expected.53
In an attempt to shed more light on the anomalous points at 500 torr Xe
(and possibly determine if it is completely due to [Xe]cell), the data was also

Fig. 10.16 γ' values (i.e., as determined in Fig 10.15) plotted as a
function of OP gas composition/density (Pa-1) for the four laser offsets.
Open symbols denote runs at 500 torr Xe; these runs do not fit the
expected trend.136
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analyzed in another fashion: instead of plotting γ’ as a function of 1/Pa (which
takes into account both xenon and nitrogen densities), γ’ was simply plotted
against [Xe]cell (Fig. 10.17). In this type of graph, γ’ is expected to fall off upon
increases to the xenon density, as the 3-body contribution to γ’ should decrease
with increases to [Xe]cell. However (and similarly to Fig. 10.16), only the three
shortest wavelength runs for 100 and 2000 torr Xe fit this general type of trend;
additionally, γ’ is expected to decrease significantly more than it does in Fig.
10.17, and should be relatively flat by [Xe]cell ~350 torr Xe.

53

Fig. 10.17 γ' values plotted as a function of [Xe]cell for the four laser
offsets. γ’ is expected to decrease with increased xenon density.136

It is unclear why the 500 torr Xe (and all 795.02 nm) experiments do not fit
these expected trends, or why, if the 500 torr runs were to be omitted, the γ’
dependence on [Xe]cell would still not be as steep as what would be expected. Of
course, as there is not expected to be a dependence of γ’ on the excitation
wavelength, the above results are puzzling. The reasons behind this apparent λ-
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dependence are not well understood (but could be due to changes in [Rb]cell due
to differential laser heating at different wavelengths) and will be the subject of
future studies.

10.6.3 PXe Build-Up Rates and Steady-State Values as a Function of Tcell at
Different [Xe]cell, Spectral Offsets
Additional studies attempted to determine the optimal SEOP parameters
needed to achieve maximal PXe values by studying the LF HP 129Xe NMR signal,
PXe build-up curve time constants, and percent transmittance of the laser light at
a variety of [Xe]cell, Tcell, and spectral offsets (Fig. 10.18). Plots of the steadystate PXe NMR signal intensity as a function of Tcell demonstrate the optimal cell
temperature for each spectral offset (Fig. 10.18 left). As expected, the 100 torr
Xe runs have a higher TOPT than the runs at 2000 torr Xe (90 °C vs 70 °C).
However, while the runs at 500 torr Xe are expected to peak at around 75 °C
(794.48 nm data most consistent), the highest steady-state PXe signals were
actually found at 60 °C (after 45 min of OP) for the three longest wavelength
offsets. Furthermore, the LF 129Xe signal found at 60 & 70 oC for the three
longest wavelength offsets is much higher than expected (and even higher than
those found during the 2000 torr Xe run). This dramatically increased signal for
the 500 torr Xe experiment is the most likely reason for the anomalously high γ’
value at that [Xe]cell, and the cause of our inability to fit the data set to a relevant
SEOP equation. However, it is unclear why such large 129Xe signal intensities
were found for this particular gas loading.
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Fig. 10.18 Left: Steady-state PXe NMR signal intensities (collected at low
field) as a function of Tcell at different laser excitation wavelengths for three
[Xe]cell-loadings (100 torr Xe-top; 500 torr Xe-middle; 2000 torr Xe-bottom).
Right: PXe growth-curve rate constant (Γ) as a function of Tcell at different
spectral offsets, [Xe]cell’s. Insets: percent transmittances of the laser light
exiting the rear of the OP cell for the corresponding laser offsets at each
[Xe]cell.136
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In an attempt to ‘step back’ from the efforts to extract fundamental SEOP
parameters, and instead try to attain a more intuitive feel of how the build-up rate
varies as a function of cell temperature and laser spectral offset, the PXe build-up
curve rate constant (Γ) was plotted as a function of Tcell (as opposed to [Rb]cell) at
each offset (Fig. 10.18 right). For all runs, the shortest wavelength of excitation
(794.48 nm) consistently provided the lowest Γ values as a function of
temperature; additionally, the separation in Γ between this particular spectral
offset and the others grew increasingly with [Xe]cell. Correspondingly, the 794.48
nm runs all exhibited the highest percent transmittance of laser light through the
cell; indeed, even at the highest Tcell values, never more than half of the laser
light at 794.48 nm was absorbed by the Rb vapor. The remaining three excitation
wavelengths remained more clustered together throughout the different Tcell’s
and [Xe]cell’s, although they did become increasingly separated at higher xenon
cell densities; increased [Xe]cell loadings also demonstrated a clear preference
for the longer wavelength offsets (this trend both holds for Γ values and percent
transmittances). As expected, the excitation wavelength that is the most highly
absorbed by the Rb vapor (typically the red-shifted offsets) usually corresponds
to the fastest PXe build-up times.

10.7 CONCLUSIONS
The addition of VHG-LDAs with integrated ‘on-chip’ gratings have allowed
for a number of SEOP experimental parameters to be mapped out individually,
including the dependencies of PXe on [Xe]cell, Tcell, spectral offset, and laser flux.

171
Because the laser output is spectrally tunable independent of laser flux and with
minimal changes to the emission lineshape, true ‘apples-to-apples’ comparisons
can be made at the different experimental conditions. Combined with an
improved low-field detection capability (i.e., the ‘bucking’ coil), an unexpected
interdependence of Tcell and laser flux was observed, where TOPT was lowered
upon increases to laser power (counter to general expectations). Indeed, at high
Tcell and high laser flux, Rb runaway can be observed at a variety of [Xe]cell and
spectral offsets. It was also noticed that the optimal spectral offset varies with
both [Xe]cell and Tcell; the Rb absorption line itself appears to asymmetrically
broaden and red-shift upon increases to [Xe]cell, while the spectral offset for peak
PXe will broaden, red-shift, and bifurcate upon increased cell temperatures.
Corresponding percent transmittance measurements of the laser beam show
similar dependencies of [Xe]cell and Tcell on the spectral offset. Also, the
previously reported ~3-fold watt-for-watt increase in PXe upon switching from a
broadband laser to a VHG-LDA was reaffirmed over a wider range of laser
powers.
An even more powerful ‘on-chip’ VHG-LDA (capable of emitting ~140 W
from the end of the fiber optic), in addition to a new single-axis polarizer, were
used to study PXe build-up dynamics as a function of laser spectral offset. While
the spin-exchange contributions from 2-body and 3-body interactions could not
be measured separately, it does appear that the spin-exchange rate may have
an unexplained dependence on the excitation wavelength. The currently leading
theory is that the wavelengths that experience increased light absorption provide
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heat to the system, thus increasing [Rb]cell at a rate that is not reflected in the
Tcell measurements (therefore skewing the Γ vs estimated [Rb]cell plots that
determine γ’). This hypothesis is supported by the decreased light transmission
for the longer excitation wavelengths—especially prevalent at high [Xe]cell (Fig.
10.18). Indeed, in order to truly get to the bottom of these (thus far) failed
attempts at extracting fundamental SEOP parameters from PXe build-up curves,
in-situ measurements of [Rb]cell and PRb will likely be necessary.

10.7 SUMMARY AND OUTLOOK ON RB/

129

XE SEOP

While it has been used for many years to produce hyperpolarized xenon for
a variety of NMR/MRI applications, and despite the in-depth characterization of
the underlying physics of the system (throughout the years), Rb/129Xe SEOP
remains a robust and ever-changing area of active research. Indeed, while the
work that is presented in this dissertation has mostly focused on increasing PXe
values of high [Xe]cell batch-mode SEOP, many of the results can be applied to
both stop-flow and continuous-flow apparatuses. Furthermore, many of the
findings presented in this work detail results that are not commonly expected (or
predicted, using the equations in Chapter 2), especially at high [Xe]cell loadings.
There are several results that occurred throughout the course of this work
that warrant further highlighting; one can think of them as a general guidelines
for high xenon density Rb/129Xe SEOP: The increases in light absorption
efficiency afforded by frequency-narrowed laser sources can increase xenon
polarization levels by at least a factor of three. By taking advantage of low-field
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HP

129

Xe NMR polarimetry, in situ studies have demonstrated that there is a

sensitive dependence of the optimal cell temperature for PXe on the in-cell xenon
density; by utilizing this temperature dependence, very high PXe values can be
achieved, including high PXe values at high [Xe]cell’s. Changes to the Rb
absorption lineshape and offset can be used to optimize the excitation
wavelength and laser power at increased [Xe]cell. Indeed, it seems most
important (as it has been shown many times throughout this work) to optimize
the amount of light transmitting through the OP cell. Many OP groups spend
great amounts of time and energy trying to increase the spin-exchange rate
(typically by increasing Tcell and lowering [Xe]cell); one could argue, based on the
results in this work, that optimal OP cell illumination (working in tandem with
minimal spin-destructive processes) could prove key to achieving the highest PXe
values throughout a wide range of [Xe]cell values.
Given the results shown in this dissertation as a starting point, there are a
number of directions to expand on the Rb/129Xe SEOP studies initiated in the
Goodson laboratory. First and foremost would be a method to optically detect
both the rubidium number density (as it is likely much different than that
estimated from vapor pressure curves) and the rubidium electron spin
polarization.56,208 The ability to measure these two parameters would greatly
increase our understanding of the spin-exchange physics, and figuring out how
to maximize PRb is truly the first step to maximizing PXe. Optical electron spin
resonance methodologies can be used to map PRb across the cell, and study
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SEOP under conditions of varying cell geometries and degrees of cell
illumination (i.e., looking at effects of ‘dark’ Rb).
A number of surprising temperature dependencies (i.e., [Xe]cell, laser flux,
spectral offset) have been discussed in this work. However, our best ability to
measure Tcell has simply been to monitor the temperature of the air blowing
across the outer surface of the inner OP cell. While this information is useful in a
practical, qualitative way (i.e., how hot the cell has to be in order to attain a
specific level of PXe), it is not sufficiently indicative of the temperature of the
actual gas mixture during OP. Previous work112 has shown, through in situ
Raman spectroscopy, that the rovibrational temperature of the nitrogen buffer
o

gas can easily exceed 900 C with only 15 W of broadband laser irradiation, Tcell
(surface) ~100 oC, and only enough N2 to quench Rb emissions (a few hundred
torr). Under the OP conditions described in this dissertation (high power,
frequency narrowed lasers and several hundreds of torr of N2 with no helium
buffer gas), it is expected that the N2 temperature could be even higher. This
excessive gas heating may affect the nature of energy transport across the cell,
both on the macroscopic and local/molecular levels; for instance, this could lead
to longitudinal currents that prolong the HP 129Xe’s contact time with the cell
walls, leading to increased depolarization. Furthermore, if the Rb D1 absorption
lineshift and broadening effects are dependent on the gas temperature
(especially for xenon and nitrogen), then the massive amounts of heat in the cell
could play a significant role in the Tcell dependencies on spectral offset that were
observed. As VHG-LDAs become even more powerful (hundreds of watts) and
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spectrally narrower (approaching the Rb absorption linewidth), the issue of
energy transport within the OP cell will become increasingly more important.
In addition to further fundamental studies of SEOP, the results presented in
this work could also introduce a new protocol for producing HP

129

Xe for human

lung imaging. Presently, continuous flow set-ups are used to polarize a small
amount of gas at an instant, and collect the product over time (typically via
freezing). A cheaper and simpler solution could be to use high [Xe]cell batchmode SEOP to polarize the same total amount of gas (to the same PXe levels) in
a single batch. In order to achieve this, a ‘scaled-up’ version would be required to
produce the needed amount of polarized gas in a relevant time frame
(approximately one atmospheric liter per hour). This would require a much larger
OP cell, as well as novel laser excitation designs (such as even higher-power
frequency-narrowed lasers, or possibly simultaneous laser illumination at each
end of the OP cell). Further characterization of cell volumes and geometries
(such as minimizing the surface-to-volume ratio) should also be an area of
extensive research interest. Furthermore, a way to bypass the cryogenic
collection step would also be a highly valuable advancement, as the acts of
freezing and sublimating lowers PXe values and adds experimental complexity
that is not desired in a clinical setting. There has been recent progress70 in longterm storage of gaseous HP 129Xe (~4-6 hrs); when combined with a ‘xenon-rich’
OP mixture, a gaseous collection system (as opposed to a cryogenic feeze-out)
could be a simpler, cheaper, and more efficient innovation. Despite these issues
(along with numerous others) that will need to be addressed, a batch-mode
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SEOP apparatus could very well be used in the future for human lung imaging
with HP

129

Xe.
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CHAPTER 11
PRELIMINARY STUDIES OF CS/

129

XE SEOP

11.1 INTRODUCTION

Rubidium has long served as the ‘workhorse’ alkali metal for the SEOP
54
75
community , mostly due to its large spin-exchange cross sections , low

vaporization temperature76, and the abundance of inexpensive, high-powered
light sources (i.e. laser diode arrays) that can readily reach its absorption
wavelengths.78 Despite these benefits, there may be even greater advantages to
using cesium for SEOP: namely, the Cs/129Xe spin-exchange cross section is
estimated

78

to be ~1.9 times greater than that of Rb/

collisional spin-destruction cross section

82

129

Xe, while the Cs/

may be half that of Rb/

129

Xe.

129

Xe

83

o
Additionally, cesium has an even lower vaporization temperature (~28.5 C),

more photons per Watt of light (due to lower energy absorption lines)84, and
greater energy spacing between the D-lines (as Rb/129Xe SEOP may be
disadvantageously affected by simultaneous pumping of the (red-side) wing of
the Rb D2 line85,86).
Although the above factors would indicate improved generation of HP 129Xe
through cesium optical pumping, there has yet to be any clear advancement to
HP 129Xe production using this method; in fact, Cs/129Xe SEOP is still not widely
practiced, and reported PXe values (to-date) significantly lag behind those for
Rb/129Xe OP. Arguabley, the most likely reason for the hindered progression of
Cs/129Xe SEOP is the lack of available high power, resonant light sources that
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are able to reach the Cs D-line wavelengths (i.e. equivalent to current lasers that
exist for the Rb D-lines). This technological deficiency places limits on the
achievable PXe values via Cs/

129

Xe SEOP, and prevents the proper ‘mapping out’

of the experimental ‘parameter space’ for the system—a process that has been
shown critical to achieving very high PXe values via Rb/

129

Xe SEOP at high in-cell

xenon densities.209
The remainder of Chapter 11 reports our preliminary studies of Cs/

129

Xe

SEOP using two broadband LDAs, one tuned to each Cs absorbance line
(D1~894.3 nm; D2~852.1 nm); the findings are also compared to those attained
via Rb/129Xe SEOP using the Rb D1 absorbance (794.76 nm). This access to
high power (~50 W) light sources for both Cs absorbance lines has resulted in
the first ever equal comparison of Cs/

129

Xe SEOP using both D-lines; the results

of which have determined which absorption line is more favorable for producing
highly polarized 129Xe at a variety of experimental parameters (laser flux, [Xe]cell,
overall cell pressure, Tcell, etc.). These findings (utilizing in situ low-field NMR
polarimetry and high-field PXe measurements) are then compared to results from
Rb/129Xe SEOP under identical experimental conditions ([Xe]cell, laser flux, OP
cell geometry, etc.) to evaluate the (previously) expected benefits of Cs vs. Rb
optical pumping (especially at high xenon partial pressures). Preliminary PXe
dynamics studies are also conducted to ascertain where the benefits of Cs/129Xe
SEOP originate (i.e., increased spin-exchange rate, decreased spin-destruction
rate, higher steady-state PCs as compared to PRb, etc.). Lastly, a brief summary
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of these initial results and an outlook on what the future may hold for Cs/

129

Xe

SEOP will be discussed.

11.2 EXPERIMENTAL CONSIDERATIONS

87

Although many of the experimental protocols for Rb optical pumping directly
transfer over to the field of Cs/129Xe SEOP, there are several important
adjustments of note. Because of the very low melting temperature of Cs (it will
generally melt in one’s hand), the alkali-metal loading procedure may require
significantly less heating in order to pipette the liquid metal into the OP cell.
While rubidium appears as variations of a silver and/or ‘gunsmoke’ color after
sufficient distribution within the OP cell, cesium retains a gold-colored
appearance (whereas gold-colored Rb is generally indicative of severe
contamination). The optimal cell temperatures for Cs OP were a bit lower (~1020 oC) than those for the corresponding Rb experiments. Also, the OP cell must
be cooled to a lower temperature (<26 oC) before HP 129Xe gas collection (as the
Cs is likely to still be in the vapor phase, and will subsequently exit the cell if the
valve is opened to vacuum before the cesium is allowed to condense).
While the adjustments listed above serve as a general guideline for
Cs/129Xe SEOP, the following specific changes were made to our particular
experimental arrangement. The Cs was loaded into a nearly identical OP cell as
the Rb studies; unfortunately, the new outer cell was approximately 0.5 inches
wider than our regular OP cell. As such, new cell mounts had to be machined, as
well as PTFE extenders that were added to the LF detection coil. The inner cell
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was not optimally positioned within the outer cell, as it gently sloped downward in
the back, and a little to one side (this made laser/cell alignment particularly
challenging). The cell was not able to properly mate with the rest of the vacuum
manifold, and some integral glass components of the vacuum rack had to be
replaced with Teflon tubing (connected by brass connectors with PTFE ferrules).
Furthermore, in addition to changing lasers, the water chiller plates, optical fiber,
laser power supply unit, IR spectrometer (with accompanying software), and
laser safety goggles all needed to be appropriately switched (and then switched
back for intermittent Rb/

129

Xe SEOP studies).

11.3 IMPROVING LASER TECHNOLOGY FOR CESIUM OPTICAL PUMPING87
As a result of our extended collaboration with QPC, we were able to obtain
two (~50 W) broadband LDAs, each one capable of exciting either the Cs D1
(894.3 nm) or Cs D2 (852.1 nm) wavelengths. This allowed, for the first time, a
direct comparison of Cs D1 vs D2 optical pumping; by including the (previously
described—Sec. 10.5) ~100 W broadband LDA for pumping the Rb D1 line
(794.76 nm), we were then able to directly compare HP 129Xe production via the
Cs D1, D2, and Rb D1 wavelengths (Fig 11.1a). Furthermore, the ~45 W of laser
light incident on the OP cell at the Cs D-lines constitutes some of the highest
laser fluxes ever used for Cs/129Xe SEOP.
Both Cs D-line lasers have similar characteristics (see Fig. 4.8), and can be
evaluated on nearly equal footing; the Cs D1 laser is capable of ~46.3 W of light,
with a ~2.16 nm linewidth, while the Cs D2 laser can emit up to ~48.1 W at only
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Fig. 11.1 (a) Transmitted laser spectra of three broadband laser sources
capable of exciting the Rb D1 and Cs D1 & D2 absorption lines. Laser
characteristics (from left to right): λ ~794.76 nm, ~100 W, FWHM ~2.3
nm; λ~852.1 nm, ~48 W, FWHM ~1.9 nm; λ~894.3 nm, ~46 W, FWHM
~2.2 nm (Rb D1 output not drawn to vertical scale). (b) Output power vs
driving current for the two featured Cs-excitation lasers. Diode temp:
~26.5 ºC. Laser output increases linearly with driving current.87

~1.9 nm FWHM (Fig. 11.1b). For an equal comparison to Rb/

129

Xe SEOP, the

~100 W (power is adjustable for equal comparisons with the Cs lasers) Rb
broadband laser (~2.3 nm FWHM) was used for OP experiments at similar laser
powers, Tcell’s and [Xe]cell’s. The Cs lasers were powered by a 12-V power supply
unit (Xantrex), while the Rb laser used the traditional 6-V PSU (also Xantrex); all
three lasers mounted to water chiller plates that were cooled by the same
ThermoCube recirculating water chiller. All three lasers fiber-couple (via 30 cm
fibers; 852.1 & 894.3 nm lasers used the same fiber; 794.76 nm laser required a
separate fiber) into the same single-axis polarizer (Fig. 11.2); the central
wavelength of the quarterwave plate was chosen to be halfway between the Rb
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D1 and Cs D1 so that the single quarterwave optic could efficiently function with
all three lasers.

Fig. 11.2 Cesium D-line broadband laser fiber coupled to singleaxis polarizer via short (30 cm) polarization-preserving fiber.
87
Components of monocle polarizer described in Fig. 10.12.

This recent progress has enabled rudimentary studies of the proficiency of
the laser technology, with the (presently-demonstrated) application to
fundamental SEOP studies, and the future hope to increase sensitivity
enhancements for a variety of MR applications using Cs/

129

Xe SEOP. Future

laser developments should include the fabrication of a high-power ‘on-chip’ VHGLDA at one of the cesium D-lines for HP 129Xe production; the ability to use
frequency-narrowed light sources for Cs/129Xe SEOP should greatly increase the
optical pumping efficiency, and lead to even higher PXe values.
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11.4 PXE DYNAMICS STUDIES AT THE CS D1, D2, AND RB D1 ABSORPTION
LINES87
The differences in optical pumping efficiency were studied via low-field
NMR at the Cs D1, D2, and Rb D1 wavelengths, using the (quite familiar) method
of analyzing PXe build-up curve dynamics. Experiments were conducted at a
variety of [Xe]cell (100, 300, 500, 1400, & 2000 torr Xe) and Tcell’s (~40-110 oC),
with laser fluxes typically between ~40-53 W (lower laser power experiments
also conducted with ~30 W laser flux—not shown). Figure 11.3 demonstrates an
example set of PXe build-up curves for the three excitation wavelengths for a
[Xe]cell = 2000 torr Xe (600 torr N2) cell loading at each run’s TOPT. Laser
excitation at the Cs D1 line produced the most HP 129Xe signal, followed by Rb

Fig. 11.3 PXe build-up curves (collected at low-field) as a function
of alkali metal absorption line. Cell conditions: 2000 torr Xe, 600
torr N2; optimal Tcell & laser power for each set of runs: 70 °C &
~46 W for Cs D1; 60 °C & ~40 W for Cs D2; and 80 °C & ~53 W
for Rb D1 excitation. Cs D1 excitation produced the most HP
129
Xe low-field signal, more than 1.5 times that of Rb and over
twice as much as from Cs D2 excitation.87
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D1 (~0.67 compared to Cs D1) and Cs D2 (a little less than half that of Cs D1)
SEOP. Rubidium runs possessed the highest TOPT values, which are typically
o

o

~10 C above those for Cs D1 excitation and ~20 C warmer than what is needed
to attain maximum PXe via the Cs D2 line; however, the low vapor pressure of Cs
provides increased alkali metal number densities at lower temperatures than
what is found with rubidium.
By plotting the PXe growth-rate time constant (Γ) as a function of alkali-metal
number density (calculated using vapor pressure curves77), one is left with a
straight line whose slope is equal to γ', and the intercept provides the
T1 relaxation rate

53

129

Xe in-cell

(Fig. 11.4). The calculated γ' values for the Cs D1 & D2

wavelengths are very similar (to within error); indeed, the numbers should be the
same since it should not matter how the Cs atoms become polarized. Both Cs

Fig. 11.4 PXe build-up growth curve time constant (Γ) vs. estimated
alkali-metal number density for 2000 torr Xe (600 torr N2) cell loading
using a Cs D1 (45.5 W), Cs D2 (39.8 W), & Rb D1 (53.5 W) broadband
LDAs; slope gives γ' (inset), intercept supplies ΓXe. Both Cs excitation
methods provide higher γ’ values than those attained with Rb.87
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excitation methods are significantly higher than that for the Rb D1 (Fig. 11.4
inset). These increased γ’ values indicate the potential utility of Cs as a superior
alkali metal for 129Xe SEOP. Also, the in-cell 129Xe relaxation time is significantly
longer in the Cs cells (on the order of ~80 minutes) compared to the Rb cells (on
the order of ~8 minutes)—leading to much longer-lasting PXe. It is not yet clear if
the ability to increase the in-cell HP

129

Xe T1 is an inherent property of Cs itself,

or if it could possibly be a manifestation of an improved OP cell preparation and
a general lack of impurities in the Cs cell (for that particular loading). This longerlasting PXe will prove most beneficial for high-field runs, as a significant portion of
available PXe is often depleted through relaxation while waiting for the OP cell to
cool down. Although the Cs cells generally take longer to cool down (as they
have to reach a lower temperature before xenon collection), a larger fraction of
the polarized gas may survive the cool-down period, thus increasing the total
amount of available 129Xe magnetization at high field.
In principle, plotting γ’ as a function on OP gas loading density/composition
(1/Pa; see Eq. 2.11) should provide a measurement of the binary spin-exchange
cross section (y-intercept) and contribution to the spin-exchange rate from the
formation of van der Walls molecules (slope); however, similarly to our previous
attempts, we were unable to fit the data to the predicted linear dependence, and
thus could not extract the fundamental SEOP parameters. γ’ is expected to
steadily (and linearly) increase as a function of Pa-1 (which is inversely
proportional to [Xe]cell).53 However, the γ’ vs Pa-1 plots had the opposite trends,
where γ’ falls off dramatically for increased Pa-1 values; the two cesium plots had
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a more pronounced fall-off than the rubidium experiment (Fig. 11.5b). Similarly, γ’
should be expected to decrease upon increases to [Xe]cell, as higher in-cell
xenon densities hinder the formation of three-body complexes that contribute to
Cs-129Xe spin-exchange. The two Cs plots of γ’ vs [Xe]cell showed an opposite
trend, with low γ’ for low [Xe]cell’s, increasing with xenon density, peaking (at
~500 torr Xe), and remaining relatively constant at even higher [Xe]cell (with some
fluctuations); compared to the Cs curves, the Rb trend is relatively flat throughout
most of the [Xe]cell range (Fig. 11.5a). The origins of these affects are unclear,
and prevent our adequate fitting of the experimental data to extract reasonable
values for the binary spin-exchange cross section and the spin-exchange rate
due to three-body complex formations. However, the increased γ’ values found at
elevated [Xe]cell indicates that Cs could be a good choice for high xenon density
optical pumping.

Fig. 11.5 (a) γ' as a function of [Xe]cell for the three excitation wavelengths. γ'
is typically expected to decrease upon increased [Xe]cell, due to losses in 3body complexes that facilitate spin-exchange. (b) Same data as (a), but with
γ' plotted as a function of 1/Pa for the three excitation methods. γ' is typically
expected to increase linearly with Pa-1; the resulting curves should fit to Eq.
2.10 so that the binary SE cross-section and 3-body SE rate can be
extracted. It is unclear why the data does not fit the predicted trends.87
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Previous studies (i.e., Fig. 9.4) have shown a significant temperature
dependence of optimal PXe values for Rb/

129

Xe SEOP using frequency-narrowed

laser sources, one in which lower xenon densities achieve their highest PXe
values at high Tcell, whereas increased [Xe]cell values are polarized better at lower
cell temperatures. The PXe growth curve time constants (Γ) generally scale with
[Rb]cell (as Tcell increases). By plotting the values of Γ taken from each gas
density's TOPT (Fig. 11.6), it appears that the Rb D1 data behaves as would be
expected: high PXe build-up rates at low [Xe]cell (higher TOPT), falling off with
increased [Xe]cell (lower TOPT). However, the Cs data appears to have an
opposite trend, with small build-up rates at low xenon density, increasing with
[Xe]cell (up to ~500 torr Xe) before reaching steady-state. Importantly when using
the broadband lasers the optimal cell temperature range did not appear to

Fig. 11.6 Γ values taken from the TOPT of each OP gas loading plotted as a
function of [Xe]cell for the three excitation methods. Cs & Rb exhibit
different trends regarding the build-up rate constant at optimal OP
conditions for each [Xe]cell: Rb behaves as expected (high Γ for low [Xe]cell,
decreasing upon higher [Xe]cell). Cs has an opposite trend, where Γ is
small for low [Xe]cell, then increases with [Xe]cell and reaches steady-state.
It is unclear why the two alkali metals behave differently in this regard.87
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change dramatically with variations in [Xe]cell (at least, not to the extent of Fig.
9.4); therefore, changes to [Xe]cell itself (and not changes to Tcell) should be the
dominant factor in the observed Γ dependency. This preliminary result may
further indicate the usefulness of Cs for high xenon density optical pumping (as
the OP efficiency appears to improve with [Xe]cell).

11.5 OPTICAL PUMPING AT THE CS D1 VS D2 WAVELENGTHS87
It is generally accepted that, all things being equal, D1 optical pumping (of
any alkali metal) should be superior to D2 pumping; indeed, it has even been
stated that D2 pumping should be virtually impossible.

210

While SEOP using D2

excitation is not impossible (and in fact, has been well-documented by the
Wuhan Goup211-213), D2 optical pumping is in fact inferior to D1 OP; however, the
reasons for this are not commonly documented in the literature (thus allowing
ample opportunities for confusion). The ability to compare SEOP results at the
Cs D1 and D2 wavelengths has given us the ability to demonstrate the
differences in optical pumping between the two excitation wavelengths.
Moreover, if the only available Cs-excitation light source is at the D2 resonance, it
should provide some amount of optical polarization (i.e., it is better than having
no light source at all).
Illumination of the D1 line (we’ll use cesium in this case, but the following
should apply to all alkali metals) with a circularly-polarized laser beam selectively
induces excitation from one particular mj sublevel (say, mj = -1/2) in the groundstate to the mj = +1/2 excited state level (following the quantum selection rule
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∆mj = ±1). After collisional mixing between excited states, the electron has a 50

% chance of relaxing into the mj = +1/2 ground state; because the mj = -1/2 is
being constantly depleted, and a significant portion of the electrons accumulate
in the mj = +1/2 state, the net electron spin polarization (PCs) quickly approaches
unity (upon mj = +1/2 ‘saturation’; Fig. 11.7a).
Optical pumping at the Cs D2 line is not as straightforward, as there are
additional mj levels to consider (Fig. 11.7b). Remembering the ∆mj = ±1 selection
rule, electrons can be driven from the ground state mj = -1/2 to excited states mj
= -3/2 or +1/2; also, electrons can be driven from the ground state mj = +1/2 to
the excited states mj = -1/2 or +3/2, depending on the helicity of the light.
Because electrons are constantly pumped from both ground-state mj sublevels,
and subsequently relax back into both ground state sublevels, PCs can never
reach unity. Indeed, the highest PCs values achievable rely on the ClebschGordan coefficients for the transitions (roughly a 3 to 1 ratio, also depending on
the helicity of the light), resulting in the highest attainable PCs value being 50%
(see Eq. 2.1).
Also, the same helicity of light will optically pump out of the opposite
ground-state mj sublevels for D1 and D2 (i.e., if σ+ light pumps every electron out
of mj = -1/2 for D1, it will pump ~25% out of the mj = -1/2 and ~75% out of the mj
= +1/2 sublevels for D2); this leads to oppositely-phased 129Xe NMR spectra for
D1 vs D2 SEOP with the same light helicity. Therefore, if one was to
simultaneously pump both D-lines during SEOP (using the same light helicity),
the resulting PXe levels would decrease, as a significant portion of the PCs
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Fig. 11.7 (a) Depletion pumping of the D1 transition: σ+ light selectively
depletes electrons from mj = -1/2 sublevel, accumulating electrons in the
ground-state mj = +1/2 level. Highest PCs attainable ~100% (b) Optical
pumping of the D2 transition: σ+ light depopulates from both ground-state
magnetic sublevels, in a roughly 3:1 ratio. Highest PCs attainable ~50%
(relaxation pathways and the effects of nuclear sublevels not illustrated
for clarity). Using the same helicity of light, D1 & D2 pumping will
accumulate electrons in opposite mj sublevels.

cancels itself; this unintentional, simultaneous D-line pumping is a greater worry
in Rb/

129

Xe SEOP, as the Rb D-lines are only separated by <15 nm. This

process may play a larger role under conditions of high [Xe]cell, as both the D1
and D2 lines are shifted and asymmetrically broadened towards longer
wavelengths.114,86 Simultaneous D-line pumping has also been postulated to be
a possible cause to the (so-called) ‘X-factor’ in 3He SEOP85,86, where steadystate PHe levels never reach close to 100%, despite operating under conditions
of extremely inhibited spin-destruction processes. An additional consequence of
simultaneous electron pumping from both mj sublevels (i.e., D2 pumping) is the
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increased amount of light absorbed (due to the Cs D2 transition having roughly
twice the oscillator strength

77

than the D1). Indeed, a significant increase in light

absorption was observed for Cs D2 optical pumping as compared to Cs D1 OP;
additionally, because of the increased light absorption, the Cs D2 runs exhibited
a lower TOPT for all [Xe]cell.
To further demonstrate the differences in Cs D2 pumping, two high field HP
129

Xe NMR experiments were conducted (Fig 11.8). All experimental parameters

were kept constant (including [Xe]cell and TOPT), aside from the excitation
wavelength. As predicted the resulting high field 129Xe NMR signals were of

Fig. 11.8 High field (9.4 T) HP 129Xe NMR signals using Cs/129Xe SEOP at
the Cs D2 (top) and Cs D1 (bottom) excitation wavelengths. Cs D1 SEOP
provides ~1.5x PXe than Cs D2 OP (~7% vs. ~4.5%, respectively), and the
two excitation methods result in opposite nuclear spin polarizations (as
expected); Cs D1 OP is also polarized opposite to that of thermally
polarized 129Xe (not shown). Both runs conducted under optimal
conditions, with similar laser characteristics (power and linewidth).
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opposite phase, and the Cs D1 run produced approximately 1.5 times the PXe
levels attained by the Cs D2 run. Furthermore, the amount of light absorbed for
o

the Cs D2 run was much greater than for the Cs D1 run (despite being ~10 C
lower Tcell).
These results affirm what is theoretically expected, and demonstrate the
utility of D2 optical pumping. While Cs D2 pumping is not advantageous
compared to Cs D1 OP, it can be somewhat comparable to OP at the Rb D1. Cs
D2 SEOP can partially compensate for its low PCs levels by its increased spinexchange efficiency (as compared to Rb D1 SEOP); in the end, Cs D2 OP may
not be ideal, but it could be useful if no other alternatives existed (such as an
absence of D1 excitation sources).

11.6 COMPARISON OF STEADY-STATE HP

129

XE PRODUCTION VIA

RB/129XE VERSUS CS/129XE SEOP87
In order to further compare HP 129Xe production at high [Xe]cell values via
Cs vs. Rb SEOP, a direct comparison was made of low-field 129Xe signal versus
in-cell xenon density at the three excitation wavelengths (Fig. 11.9). While all
three experiments exhibited increased LF signal as a function of [Xe]cell (thus
besting the typically-expected flat signal-to-concentration ratio63), the Cs D2 line
seemed to provide the poorest results (as expected), with 129Xe signal slightly
increasing over the ~1900 torr range of [Xe]cell’s. The Rb D1 excitation method
produced steeply-climbing 129Xe signals up to ~500 torr Xe, then began to flatten
out a bit while continuing to gently rise with [Xe]cell. Finally, the Cs D1 data had
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Fig. 11.9 Steady-state PXe signal intensities (collected at low-field) as a
function of [Xe]cell for a variety of alkali metal absorption lines. Each run at
that OP cell loading’s TOPT; laser power for each set of runs: ~46 W for
Cs D1, ~40 W for Cs D2, and ~53 W for Rb D1 excitation. Cs D1 runs
show the highest steady-state HP 129Xe signals, with increasing xenon
signal even at the highest [Xe]cell’s.87

the most dramatic increase in

129

Xe signal with xenon density, continuing to

steadily rise even at the highest [Xe]cell values. While the Cs D1 runs provided
the best signal at low field, the extent was larger at high field (~1.5x vs ~2x; see
below); this increase is likely due to the extended in-cell 129Xe relaxation times
for Cs—the origins of which remain unclear (but likely due to a decreased Cs-Xe
spin-destruction cross-section). Also, despite the increased

129

Xe signals at high

[Xe]cell, the difference between Cs D1 and Rb D1 at low [Xe]cell (~100 torr Xe) is
not nearly as great, consistent with differentially improved SEOP using Cs at
higher [Xe]cell values (as compared to lower xenon densities). Indeed, this
propensity for increased 129Xe signal at increased xenon densities indicates that
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Cs/

129

Xe SEOP may be the superior method for producing highly polarized

xenon at high [Xe]cell values.
Following our preliminary characterization of Cs/

129

Xe SEOP at low field, we

turned to high-field NMR for an ‘apples-to-apples’ comparison of absolute PXe
values generated via SEOP using either rubidium or cesium as the alkali metal.
Each experiment was conducted at its own optimal conditions (i.e., TOPT, laser
flux, spectral offset, etc.), the results of which are shown in Fig. 11.10. It is
immediately apparent that the Cs OP runs resulted in higher PXe values,
especially at the higher [Xe]cell loadings. In fact, cesium optical pumping
produced roughly twice the PXe levels compared to rubidium OP for all of the
runs except for the 100 torr Xe cell loading (qualitatively following the low field in

Fig. 11.10 PXe, NMR enhancements as a function of [Xe]cell with batchmode SEOP performed with two alkali metals: cesium (red squares, ~48
W) & rubidium (black circles, ~52 W). [Xe]cell values of 100, 300, 500,
1400, & 2000 torr Xe (backfilled with N2 to 2000 torr total; 2000 torr Xe run
has 600 torr N2); each run conducted at that [Xe]cell's optimal OP
conditions.87
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situ results. Moreover the cesium runs may have benefited from longer in-cell
129

Xe T1’s, allowing more of the xenon magnetization to be observed at high field;

in contrast, a larger fraction of HP

129

Xe produced by Rb OP likely became

depolarized during the cell cool-down period (probably the reason why there is a
larger difference between Rb and Cs OP results at high field as compared to
low-field).
These results comprise the first true ‘apples-to-apples’ comparison of Rb
and Cs SEOP for the production of hyperpolarized xenon using high laser fluxes
(~50 W), as many previous studies only used fractions of a watt up to a few
watts.78,84,137 This also marks the first time that Cs/129Xe SEOP has successfully
been demonstrated to improve PXe production, as compared to Rb/

129

Xe SEOP.

It is not yet completely evident where the benefits of Cs/129Xe SEOP lie; due to
our inability extract (and decouple) the binary spin-exchange cross section and
three-body spin-exchange rate contributions, it cannot yet be established if one
of those two parameters is the determining factor. However, it does appear that
γ’ (the sum of those two contributions) is higher for Cs than for Rb by a factor of
129

~1.5 (Fig. 11.4), indicating that the spin-exchange rate is higher for Cs-

Xe (this

~1.5x increase in γ’ is mirrored by the ~1.5x increase in low-field 129Xe NMR
signal). Furthermore, the extended in-cell HP 129Xe T1’s for Cs OP are roughly an
order of magnitude longer than for rubidium optical pumping, signaling that the
Cs-129Xe spin-destruction rate is significantly lower than for Rb-129Xe. Not to be
discounted, the actual PXe levels attained in this preliminary study of Cs/129Xe
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SEOP are somewhat remarkable; PXe values of ~19% and ~5% for [Xe]cell = 100
& 2000 torr Xe are quite high, especially for using broadband laser sources.
While we do not currently have a method in place for measuring absolute
alkali-metal electron spin polarizations in situ (although an optical ESR set-up is
in the works), Eq. 2.12 may be used to estimate PAM (‘alkali-metal’ electronic spin
polarization) throughout the OP cell. If the absolute PXe values are known (here,
the high-field results—which are a bit lower than the actual in-cell PXe values—
are used), along with ΓXe (1/T1, as measured at low field) and γSE (basically γ’),
estimated values for PAM can be extracted. While it is not an absolute measure
of the alkali-metal polarization (the main sources of error being the differences of
PXe at high field vs. in-cell and [Rb]cell estimates using vapor pressure curves), it
should provide a reasonable indication of how closely PXe and PAM track each
other.

Fig. 11.11 PXe values (measured at 9.4 T) as a function of [Xe]cell for Cs
(red-solid) & Rb (black-solid) SEOP, with corresponding estimated alkalimetal electron spin polarization (PAM) values for Cs (red-dashed) and Rb
(black-dashed), as calculated from Eq. 2.12. PXe tracks PCs more closely
than PRb, likely due to increased SE (as well as decreased SD)
efficiencies.87

197
Figure 11.11 shows a comparison of PXe (as measured at high field) and
estimated PAM values for both Rb and Cs SEOP. The estimated PRb values are
higher than those of PCs for the lower [Xe]cell values; at increased cell density,
PCs is favored. Despite the increased PRb at low [Xe]cell, the highest PXe values
achieved throughout the curve were from Cs OP. Indeed, the most valuable
piece of information from this graph is how closely PXe and PAM track each other;
there is a very small separation between PXe and PCs throughout the range, as
opposed to the larger gap between PXe and PRb. This indicates that the spinexchange itself is more efficient for Cs-129Xe, as there are minimal losses
between PCs and PXe. Generally, the gap between PRb and PXe is much greater,
likely due to less efficient spin-exchange (and more efficient 129Xe spindestruction). If methods can be enacted that boost PCs even higher, it follows
that PXe should continue to closely track the alkali-metal polarization, resulting in
even higher PXe values.

11.7 SUMMARY AND OUTLOOK ON CS/129XE SEOP
The results presented in this chapter represent the first true ‘apples-toapples’ comparison of Rb and Cs SEOP at high laser fluxes for a variety of
[Xe]cell values. By using high power (~50 W) broadband LDAs, we were able to
show that SEOP using cesium as the alkali metal provides higher PXe values as
compared to Rb/129Xe SEOP. The origins of the increased PXe are not
independently confirmed; however, it is not likely to be the alkali-metal electron
spin polarization, but is more likely due to higher spin-exchange efficiencies,
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along with a lower

129

Xe spin-destruction rate. Importantly, cesium seems to

provide better results than rubidium—particularly at higher [Xe]cell loadings; thus,
cesium may prove to be differentially beneficial, depending on the particular OP
cell gas-loading.
This chapter’s results are merely the ‘tip of the iceberg’ for Cs/129Xe SEOP.
Indeed, now that the potential superiority of Cs OP has been adequately
demonstrated, the next step is to develop high power, tunable, frequencynarrowed lasers—much like the ones that already exist (and have been
extensively characterized in this dissertation) for Rb optical pumping. This will
advancement will allow the multidimensional mapping of the various OP
experimental parameters, such as Tcell, buffer gas density/composition, laser flux,
spectral offset, laser linewidth, etc. Upon completion of these studies, a second
Rb vs. Cs comparison (all parameters being equal) using high-power, frequencynarrowed lasers should further establish which alkali metal is best used for largescale HP 129Xe production. Increased interest in Cs OP will boost demand,
speed the development of the technology, and eventually lower prices for diodes
that lase at the Cs D1 wavelength (as of now, they have to be special-ordered,
and can be rather expensive).
In addition to directly comparing Rb and Cs optical pumping, a more
intriguing experiment would be to combine them, essentially as a Rb-Cs hybrid
approach (see Sec. 3.2.3; similar to the K-Rb hybrid used to optically pump
3

He85). If the transfer efficiency of electronic spin polarization between Rb and Cs

is higher than spin-exchange between Rb and 129Xe, then this method, where Rb
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polarizes Cs, which subsequently polarizes

129

Xe with high efficiency, may show

some advantages. Indeed, Fig. 11.10 indicates that spin-exchange between Cs129

129

Xe is more efficient than between Rb-

Xe; additionally, this method would

not require updated laser techniques, as only the Rb D1 absorption line would be
illuminated. Or, if high-power VHG-LDAs are developed at the Cs D1 wavelength,
the cell could be illuminated with both 794.76 nm & 894.3 nm light, with the
hopes to further boost PCs (& PXe).
The advancement of high-power, tunable VHG-LDAs at the Cs D1 line
would also facilitate the in situ study of PCs throughout the cell under different
experimental conditions, as well as the measurement of the rovibrational
temperature of N2 during Cs/

129

Xe SEOP—allowing the comparison to the results

obtained with rubidium optical pumping. One intriguing possibility would be to
characterize the production of HP 83Kr via Cs optical pumping; this type of
arrangement has never been attempted (to the author’s knowledge), and could
possibly improve HP 83Kr production (and it would be interesting to see if the
long-lasting HP 129Xe in-cell T1’s could directly translate to increased HP 83Kr
relaxation times). Also, if the Rb/Cs hybrid approach is proven viable for HP
129

Xe production, it could be worth attempting for 83Kr (as well as 131Xe).
If cesium can be further demonstrated to be superior to Rb for 129Xe SEOP,

it may be worthwhile for many current Rb OP groups to switch to Cs (especially if
a factor of ~1.5 to 2 in PXe enhancements can be gained). Indeed, the transition
should be fairly seamless, with the only major purchase being new laser
equipment (and possibly a new IR spectrometer). Cs/129Xe SEOP may have
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further benefits for continuous-flow setups; the higher spin-exchange rate may
allow for faster gas flow-through, resulting in increased amounts of PXe collected
in a shorter amount of time. The added PXe values would be valuable for clinical
polarizers, which produce HP

129

Xe for human lung imaging—as well as for

materials studies, which use large quantities of the highly polarized gas.
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